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PREFACE. 



TN this work, I have endeavoured to give a complete and 
-^ connected account, from a physical standpoint, of the properties 
possessed by the naturally radio-active bodies. Although the 
subject is comparatively a new one, our knowledge of the pro- 
perties of the radio-active substances has advanced with great 
rapidity, and there is now a very large amount of information on 
the subject scattered throughout the various scientific journals. 

The phenomena exhibited by the radio-active bodies are 
extremely complicated, and some form of theory is essential in 
order to connect in an intelligible manner the mass of experi- 
mental facts that have now been accumulated. I have found the 
theory that the atoms of the radio-active bodies are undergoing 
spontaneous disintegration, extremely serviceable not only in 
correlating the known phenomena, but also in suggesting new 
[lines of research. 

The interpretation of the results has, to a large extent, been 
[based on the disintegration theory, and the logical deductions to 
[be drawn from the application of the theory to radio-active 
phenomena have also been considered. 

The rapid advance of our knowledge of radio-activity has 

[been dependent on the information already gained by research 

pto the electric properties of gases. The action possessed by the 

'adiations from radio-active bodies of producing charged carriers 

|or ions in the gas, has formed the basis of an accurate quantitative 

lethod of examination of the properties of the radiations and of 
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CHAPTER I. 

RADIO-ACTIVE SUBSTANCES. 

1. Introduction. The close of the old and the beginning 
of the new century have been marked by a very rapid increase of 
our knowledge of that most important but comparatively little 
known subject — the connection between electricity and matter. 
No study has been more fruitful in surprises to the investigator, 
both from the remarkable nature of the phenomena exhibited and 
from the laws controlling them. The more the subject has been 
examined, the more complex does the constitution of matter appear 
which can give rise to the remarkable effects observed. While 
the experimental results have led to the view that the constitution 
of the atom itself is very complex, at the same time they have 
strongly confirmed the old theory of the discontinuous or atomic 
structure of matter. The study of the radio-active substances and 
of the discharge of electricity through gases has supplied very 
strong experimental evidence in support of the fundamental ideas 
of the existing atomic theory. It has also indicated that the 
atom itself is not the smallest unit of matter, but is a complicated 
structure made up of a number of smaller bodies. 

A great impetus to the study of this subject was initially 
given by the experiments of Lenard on the cathode rays, and 
by Rontgen*s discovery of the X rays. An examination of the 
conductivity imparted to a gas by the X rays led to a clear view 
of the mechanism of the transport of electricity through gases 
by means of charged ions. This ionization theory of gases has 
been shown to afford a satis&ctory explanation not only of the 
passage of electricity through flames and vapours, but also of the 

Cm B. B.-A« I 



2 RADIO-ACTIVE SUBSTANCES [CH. 

complicated phenomena observed when a discharge of electricity 
passes through a vacuum tube. At the same time, a further 
study of the cathode rays showed that they consisted of a stream 
of material particles, projected with great velocity, and possessing 
an apparent mass small compared with that of the hydrogen atom. 
The connection between the cathode and Rontgen rays and the 
nature of the latter were also elucidated. Much of this admirable 
experimental work on the nature of the electric discharge has- 
been done by Professor J. J. Thomson and his students in the 
Cavendish Laboratory, Cambridge. 

An examination of natural substances, in order to see if they 
gave out dark radiations similar to X rays, led to the discovery of 
the radio-active bodies which possess the property of spontaneously 
emitting radiations, invisible to the eye, but readily detected by 
their action on photographic plates and their power of discharging 
electrified bodies. A detailed study of the radio-active bodies has 
led to the discovery of many new and surprising phenomena which 
have thrown much light, not only on the nature of the radiations 
themselves, but also on the processes occurring in those substances. 
Notwithstanding the complex nature of the phenomena, the know- 
ledge of the subject has advanced with great rapidity, and a large 
amount of experimental data has now been accumulated. 

In order to explain the phenomena of radio-activity, a theory ' 
has been put forward which regards the atoms of the radio-active 
elements as suflfering spontaneous disintegration, and giving rise 
to a series of radio-active substances which differ in chemical 
properties from the parent elements. The radiations accompany 
the breaking-up of the atoms, and afford a comparative measure of 
the rate at which the disintegration takes place. This theory is 
found to account in a satisfactory way for all the known facts of 
radio-activity, and welds a mass of disconnected facts into one 
homogeneous whole. On this view, the continuous emission of 
energy from the active bodies is derived from the internal energy 
inherent in the atom, and does not in any way contradict the law 
of the conservation of energy. At the same time, however, it 
indicates that an enormous store of latent energy is resident in the 
radio-atoms themselves. This store of energy has previously not 
been observed, on account of the impossibility of breaking up into 
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mpler forms the atoms of the elements by the action of the 
iieimcal or physical forces at our command. 

On this theory we aro witnessing in the radio-active bodies a 
reritable transformation of matter. This process of disintegration 
'BS investigated, not by direct chemical methods, but by means 
F the property possessed by the radio-active bodies of giving out 
pecific types of radiation. Escept in the case of a very active 
element like radium, the process of disintegration takes place so 
Jowly, that hundreds if not thousands of years would be required 
before the amount transformed would come within the range of 
letection of the balance or the sptictroBCope. In radium, however, 
he process of disintegration takes place at such a rate that it 
ihould be possible within a limited space of time to obtain definite 
hemical evidence on this question. The recent discovery that 
lelium can be obtained from radium adds strong confirmation to 
he theory ; for helium was indicated as a probable disintcBgration 
ffoduct of the radio-active elements before this experimental 
ividence was forthcoming. If the production of helium by radium 
B completely substantiated, the fiirther study of radio-active bodies 
8 to open up new and important fields of chemical enquiry. 

In this book the experimental lacta of radio-activity and the 

inection between them are interpreted on the disintegration 

beory. Many of the phenomena observed can be investigated in 

i quantitative manner, and prominence has been given to work of- 

1 character, for the agreement of any theory with the facts, 
rhich it attempts to explain, must ultimately depend upon the , 
suite of accurate measurement, * 

The value of any working theory depends upon the number of 
Kperimental facts it serves to con-elate, and upon its power of 
Uggesting new lines of work. In these respects the disintegration 
heory, whether or not it may ultimately be proved to be correct, 
is already been justified by its reaults. 

2. Radio-active Substances. The term " radio-active " is 
JW generally applied to a class of substances, such as uranium, 
toiiitm, radium, and their compounds, which possess the property 
' spontaneously emitting radiations capable of passing through 
atea of metal and other substances ojiaque to ordinary light. 



t-Cr-iCTTTE '^TlfeTiXr^S i^CBL 



TLe ^r.Arbfr>ram: ^r:^#=rrT :r iM?e rfc'htfftjcs. 2e5?i=s Their 
p^flwr^'^T:::^' yjnr^ i* to^ 4*?s:c. :c i rc*:5.:e^ci* p4a«e and 

ph<rt«l^-.vrr5<^&>r 4^ ~:r=sc*=r»r cc **:cL*r *r:ri5:a;ii!*es r-^acird near 
it, Ii; Tr.^ i'v.Tr^ resp-^cs iLr rvriid::Q? p:ii6e5& i:-?*:»pirrtie8 
aiMJos2'*>'2« V/ E/'iiiar=:f: rij? bm r: t"^ c^t *b:'»TL i^*. iSx- the 

th«:?5r j/>T*'*rr of *tT^vri*.AZ;-e»'-f:L*:y aryi cn-iiT^TiiTislT raiiiirii:^ -e-nergy at 
a ^>^TL*rjinx riV:, Trithoi:. a^ i^ as L^^ kniTn, th^^ acTf:-!: ::p->n them 
<rf" arr.' 'rz^^nial frxcfting caose. The ph-rn-j^nriLa ar nrst sight 
af/j^rar t/^ be :n dfr*:<r: ontradicrion to th-r la^ .:■: x-ns^rvation of 
^utirjcy, sirjc^r no ob'."io-i* change with riin-E: 'i-^mrs in the radiating 
rriat^riaL The phenoEtena appear still more remarkable when it 
11* 'y>n?;jdere<i that the radio-active tidies must have been steadily 
ra/Jiating energj' ssinf^ the time of their formation in the earth's 
cni^t, 

Irriffj^^Jiat^ly after Rontgen's diso^very of the |»Y)duction of 
X rav«, «^jveral scientists were led to examine if anv natural 
hff\h7H ]ff^ii¥i»t¥A the property of giving out radiations which could 
jftiTi^'Xnxt/'. metaLs and other substances opaque to light. As the 
pnyj nation of X rays seemed to be in some way connected with 
ttni\uffU: ravH, which cause strong fluorescent and phosphorescent 
i^i:f:U\ on various \xAieH, the substances first examined were those 
that were ph^^phore-sc^mt when exposed to light. The first obser- 
vation in this dinjction was made by Xiewenglowski\ who found 
that Mulphide of r^alciurn exposed to the suns rays gave out some 
myn which were al>le to pass through black paper. A little later 
a Miniilar result was recorded by H. Becquerel* for a special 
cjilciurn sulphide prej^aration, and by Troost* for a specimen of 
hexagonal b](;nd. Thcwj results were confirmed and extended in 
a laU?r fiafxjf by Arnold*. No satisfectory explanations of these 
mirriewhat doubtful results have yet been given, except on the 
view that thr; black [japer was transparent to some of the light 

« C. JL 122, p. 886, 1896. « C. R. 122, p. 559, 1896. 

* a. n. 122, p. 504, 1896. « Wied. Annal. 61, p. 316, 1897. 
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At the same time Le Bon' showed that, by the action of 
sunlight on certain bodies, a radiation was given out, invisible to 
rhe eye, but active with regard to a photographic plate. These 
■esults have been the subject of much discussion ; but there seems 
J be httle doubt that the eflects are due to short ultra-violet light 
waves, capable of passing through certain substances opaque to 
Irdinary light. These effects, while interesting in themselves, are 
of quite a distinct character from those shown by the radio- 
ictive bodies which will now be considered. 

Uranium. The first important discovery in the subject of 
adio-activity was made in February, 1896, by M. Henri Becquerel', 
vbo found that a uranium salt, the double sulphate of uranium 
md potassium, emitted some nvys which gave an impression on a 
jhotographic plate enveloped in black paper. These rays were 
llflo able to pass through thin plates of metals and other substances 
tpaque to light. The impressions on the plate could not have 
jeen due to vapours given off by the substances, since the same 
effect was produced whether the salt was placed directly on the 
dack paper or on a thin plate of glass lying upon it. 

Becquerel found later that all the compounds of uranium aa 
rell aa the metal itself possessed the same property, and, although 
he amount of action varied slightly for the different compounds, 

e effects in all cases were comparable. It was at first natural to 
B that the emission of these rays was in some way connected 
ritb the power of phosphorescence, but later observations showed 
bat there was no connection whatever between them. The uranio 
sits are phosphorescent, while the iiranous salts are not. The uranic 
, when exposed to ultra-violet light in the phosphoroscope, 
ive a phosphorescent light lasting about ■01 seconds. When the 
Bits are dissolved in water, the duration is still less. The amount 
£ action on the photographic plate does not depend on the par- 
icular compound of uranium employed, but only on the amount of 

ranium present in the compound. The non-phosphorescent are 
qoally active with the phosphorescent compounds. The amount 

' Filiation given out is unaltered if the active body is kept 

' C, R. 133, pp. 188, 233, 386, 402. 1896. 

> C. R. 122, pp. 420, 501, 559, 680. 762, 1086. 18y6. 
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9snd bv cr7«?nais -jriicti hav* b««i 'iewm-Kft iom aolniixis in the 
dark aivi nev*^ •=rzi3«jfKfi ^^ Luzfiti. This ^oow? ^hau die radiation 
cannoi: he dne in anv wvr w ihe zradnaL -*mia»?iL -^t enionjv stcnred 
Tip in lifae 'iiyscaL in ■'iijcaegat^re or •*iT>3«ir»*- ^.j i 34:.iipw- of li^ht. 



4. The pow-rr :t zi'^inar :ij penenaimr raj^ zhns ^eems to be 
a ^Fpecific properTT of ihe ^Lemenj -r -^n-T-n azuzt h is -rihilHted by 
the metal a^ "well as bv all i'zs niini^jiiziiis. Th»=se radiacions from 
araninm are per-istenr. ami as iu: as :c*5emd«:cs haTe yet gone, 
are imchanged. either in in::ensi":y or iharTicter. wi:;h Ia{]£e of time. 
Observations zo 'est the o:nscan«!y of rhe radiaci'jQs for long 
periryls of time have been made by Beoaier»rL Samples of uranic 
and nranoQS s^Za have been kept hi a diicLbie box of thick lead, 
and the whole has been preserve! mm exp^r^snre to light. By a 
dimple arrangement, a pbjttjgraphio pLate can be intn^dnced in a 
definite poeitiivn ab^ve the uranium salts, which are covered with a 
layer of black paper. The plate is expi>5eii at intervals for 48 hours, 
and the imprea&ion on the plate ct-mpared. Xo perceptible 
weakening of the radiation has been observed over a period of 
fonr years. Mme Corie* has made determinations of the activity of 
araniam over a space of five years by an electric method described 
later, \ml found no appreciable variation during that period. 

.Since the uranium is thus continuously radiating energy from 
itself, without any known source of excitation, the question arises 
whether any known agent is able to affect the rate of its emission. 
No alt/;ration was observed when the body was exposed to ultra- 
violet light or to ultra-red light or to X laysw Becquerel states 
that the douVile sulphate of uranium and potassium showed a 
flight incr^^as^; of action when exposed to the arc light and to 
MjiarlcM, but he c^^nsiders that the feeble effect observed was 
MtothfiT action superimposed on the constant radiation from 
uranium. The intensity of the uranium radiation-is not affected by 
a variation of t^;mperature between 200° C. and the temperature of 
liquid air. This question is discussed in more detail later. 

6. In a^ldition to these actions on a photographic plate, 
B«9Cfjuerel showfxl that uranium rays, like Bontgen rays, possess the 

1 TfOte pr4»eni4e h la FaeulU det Sciences de ParU, 1908. 
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important property of discharging both positively and negatively, 
electrified bodies. These results were confirraed and extended bi 
iLord Kelvin, Smolan and Beattie', The writer made a detailed 
comparison- of the nature of the discharge produced by uranium 
with that produced by Rontgen rays, and showed that the dis- 
charging property of uranium is due to the production of charged 
ions by the radiation throughout the volume of the gas. The 
property has been made the basis of a qualitative and quantitative 
examination of the radiations from all radio-active bodies, and is 
discussed in detail in chapter U. 

The radiations from uranium are thus analogous, as regards 
their photographic and electrical actions, to Rontgen rays, but, 
compared with the raya fix)m an ordinary X ray tube, these 
actions are extremely feeble. While with Rontgen rays a strong 
Impreasion is produced on a photographic plate in a few minutes 
■ even seconds, several days' exposure to the uranium rays is 
t^uired to produce a well-marked action, even though the uranium 

iompound, enveloped in black paper, is placed close to the plate. 
3 discharging action, while very easily measurable by suitable 

Inethods, is also small compared with that produced by X raya 
a an ordinary tube. 



6. The rays from uranium ahow no evidence of direct re- 
wtion, refraction, or polarization^. While there is no direct 
iflection of the rays, there is apparently a diflPuse reflection set 
) where the rays strike a solid obstacle. This is in reality due 
4o tt secondary radiation set up when the primary rays impinge 
ttpon matter. The presence of this secondary radiation at first 
gave rise to the erroneous view that the rays could be reflected 
•nd refracted like ordinary tight. The absence of reflection, re- 
fraction, or polarization in the penetrating rays from uranium 
pecessarily follows in the light of our present knowledge of the 
Sraye. It is now known that the uranium rays, mainly responsible 
or the photographic action, are deviable by a magnetic field, and 
e similar in all respects to cathode rays, i.e. the rays are composed 

1 Nature, SG, 1S97 ; Phil. Mag. 43, p. 418, 1997 ; 46, p. 377, 1898. 

' Phil Mag. Jan. 1899. 

* Kutherford, Phil. Mag. Jan. 1899. 
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of small particles projected at great velocities. The absence of the 
ordinary properties of transverse light waves is thus to be expected, 

7. The rays jfrom uranium are complex in character, and, in 
addition to the penetrating deviable rays, there is also given off 
a radiation very readily absorbed by passing through thin layers 
of metal foil, or by traversing a few centimetres of air. The 
photographic action due to these rays is very feeble in comparison 
with that of the penetrating rays, although the discharge of 
electrified bodies is mainly caused by them. Besides these two 
types of rays, some rays are emitted which are of an extremely 
penetrating character and are non-deviable by a magnetic field. 
These rays are difiicult to detect photographically, but can be 
readily examined by the electric method. 

8. The question naturally arose whether the property of 
spontaneously giving out penetrating radiations was confined to 
uranium and its compounds, or whether it was exhibited to any 
appreciable extent by other substances. 

By the electrical method, with an electrometer of ordinary 
sensitiveness, any body which possesses an activity of the order of 
1/100 of that of uranium can be detected. With an electroscope of 
special construction, such as has been designed by C. T. R. Wilson 
for his experiments on the natural ionization of air, a substance 
of activity 1/10000 and probably 1/100000 of that of uranium can 
be detected. 

If an active body like uranium be mixed with an inactive body, 
the resulting activity in the mixture is generally considerably less 
than that due to the active substance alone. This is due to the 
absorption of the radiation by the inactive matter present. The 
amount of decrease largely depends on the thickness of the layer 
fix)m which the activity is determined. 

Mme Curie made a detailed examination by the electrical 
method of the great majority of known substances, including the 
very rare elements, to see if they possessed any activity. In cases 
when it was possible, several compounds of the elements were 
examined. With the exception of thorium and phosphorus, none 
of the other substances possessed 'an activity even of the order of 
1/100 of uranium. 



The ionization of the gas by phosphorus does not, however, 
seem to be due to a penetrating radiation like that found in the 
case of uraniiim, but rather to a chemical action taking place at 
its surface. The compounds of phosphorus do not show any 
activity, and in this respect differ from uranium and the other 
active bodies. 

Le Bon' has also observed that quinine sulphate, if heated and 
then allowed to cool, possesses for a short time the property of 
discharging both positively and negatively electrified bodies. It 
is necessary, however, to draw a sharp line of distinction between 
phenomena of this kind and those exhibited by the naturally radio- 
active bodies. While both, under special conditions, possess the 
property of ionizing the gas, the laws controlling the phenomena 
are quite distinct in the two cases. For example, only one com- 
pound of quinine shows the property, and that compound only 
when it has been subjected to a preliminary heating. The action 
of phosphorus depends on the nature of the gas, and varies with 
t temperature. On the other hand, the activity of the naturally 
' ftdio-active bodies is spontaneous and permanent. It is exhibited 
by ail compounds, and is not, as far as is yet known, altered by 
change in the chemical or physical conditions. 

9. The discharging and photographic action alone cannot be 
taken as a criterion as to whether a substance is radio-active or 
not. It is necessary in addition to examine the radiations, and to 
test whether the actions take place through appreciable thicknesses 
of all kinds of matter opaque to ordinary light. For example, a 
body giving out short waves of ultra-violet light can be made to 
behave in many respects like a radio-active body. As Lenard' has 
shown, short waves of ultima-violet light will ionize the gas in their 
path, and will be rapidly absorbed in the gas. They will produce 
strong photographic action, and may pass through some substances 
opaque to ordinary light. The similarity to a radio-active body is 
thus fairly complete as regards these properties. On the other 
hand, the emission of these light waves, unlike that of the radiations 
from an active body, will depend largely on the molecular state 
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of the compound, or on temperature and other physical conditiona 
But the great point of distinction Ues in the nature of the radia^ 
tions from the bodies in question. In one case the radiations behave 
as transverse waves, obeying the usual laws of light waves, while id 
the case of a naturally active body, they consist for the most part 
of a continuous flight of material particles projected from the 
substance with great velocity. Before any substance can be called 
" radio-active " in the sense in which the term is used to describe 
the properties of the natural radio-active elements, it is thus 
necessary to make a close examination of its radiations ; for it is 
unadvisable to extend the use of the term "radio-active" to 
substances which do not possess the characteristic radiating 
pix)perties of the radio-active elements which we have described, 
and the active products which can be obtained from them. Some 
of the pseudo-active bodies will however be considered later id 
chapter IX. 

10. Thoriuin. In the course of an examination of a large 
number of substances, Schmidt^ found that thorium, its compounds, 
and the minerals containing thorium, possessed properties similar 
to those of uranium. The same discovery was made independently 
by Mme Curie'. The rays from thorium compounds, like those 
from uranium, possess the properties of discharging electrified 
bodies and acting on a photographic plate. Under the same 
conditions the discharging action of the rays is about equal in 
amount to that of uranium, but the photographic effect is 
distinctly weaker. 

The radiations from thorium are more complicated than those 
fit)m uranium. It was early observed by several experimenters 
that the radiation from thorium compounds, especially the oxide, 
when tested by the electrified method, was very variable and 
uncertain. A detailed investigation of the radiations fix)m thorium 
under various conditions was made by Owens'. He showed that 
thorium oxide, especially in thick layers, was able to produce 
conductivity in the gas when covered with a large thickness of 
paper, and that the amoimt of this conductivity could be greatly 

1 Wied. Annal. 66, p. 141, 1898. » 0. JR. 126, p. 1101, 1898. 

> PMl Mag. Oct. 1899. 
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3d by blowing a current of air over the gas. In the course of 
examination^ of this action of the air current, the writer 
^ed that thorium compounds gave out a material emanation 
e up of very small particles themselves radio-active. The 
Dation behaves like a radio-active gas; it diflFuses rapidly 
ugh porous substances like paper, and is carried away by 
rrent of air. The evidence of the existence of the emanation, 
its properties, is considered in detail later in chapter vin. In 
tion to giving out an emanation, thorium behaves like uranium 
mitting three types of radiation, each of which is similar in 
►erties to the corresponding radiation from uranium. 

LI. Radio-active minerals. Mme Curie has examined 
radio-activity of a large number of minerals containing 

ium and thorium. The electrical method was used, and the 

ent measured between two parallel plates 8 cms. in diameter 
3 cms. apart, when one plate was covered with a uniform 

r of the active matter. The following numbers give the order 

le saturation current obtained in amperes. 



Pitchblende from Johanngeorgenstadt 


8-3x10-" 


)> 


Joachimstahl 


7-0 „ 


» 


Pzibran 


• • • • t 


6-5 „ 


» 


Cornwall 


• • • • i 


1-6 „ 


Clevite 






• •• • « 


1-4 „ 


Chalcolite ... 






• • • • 4 


6-2 „ 


Autunite ... 






• • • • 


2-7 „ 


Thorite ... 






from 0" 


3 to 1-4 „ 


Orangite .„ 






... • 


2-0 „ 


Monazite ... 






• •• . < 


0-5 „ 


Xenotin^ ... 






... . 1 


0-03 „ 


Aeschynite 






. .• . 1 


0-7 „ 


Fergusonite 






... . 1 


0-4 „ 


Samarskite 






... . . 


1-1 „ 


Niobite 


» • • • 




• . . • t 


0-3 „ 


Camotite ... 


» • •• 




... • 1 


6-2 „ 


• . • . -i 


t 


t • 


. « 


• 1 • 



e activity is to be expected in these minerals, since they all 
ain either thorium or uranium or a mixture of both. An 
aination of the action of the uranium compounds with the 

^ Phil Mag. Jan. 1900. 
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same apparatus and under the same conditions led to the following 
results : 



Uranium (containing a little carbon) 


2-3x10" 


~^^ amperes 


Black oxide of uranium 






2-6 




Green „ „ 






1-8 




Acid uranic hydrate 






0-6 




Uranate of sodium... 






1-2 




Uranate of potaaaiimi 






1-2 




Uranate of ammonia 






1-3 




Uranous sulphate . . . 






0-7 




Sulphate of uranium and 


potassium 


0-7 




^ce uaLe . . • • • . 


• • • 


••• 


0-7 




Phosphate of copper and uraniimi 


0-9 




Oxysulphide of uranium 


• • • 


• • « 


1-2 





The interesting point in connection with these results is that 
some specimens of pitchblende have four times the activity of the 
metal uranium; chalcolite, the crystallized phosphate of copper 
and uranium, is twice as active as uranium; and autunite, a 
phosphate of calcium and uranium, is as active as uranium. From 
the previous considerations, none of the substances should have 
shown as much activity as uranium or thorium. In order to be 
sure that the large activity was not due to the particular chemical 
combination, Mme Curie prepared chalcolite artificially, starting 
with pure products. This artificial chalcolite had the activity to 
be expected from its composition, viz. about 0*4 of the activity of 
the uranium. The natural mineral chalcolite is thus five times as 
active as the artificial mineral. 

It thus seemed probable that the large activity of some of 
these minerals, compared with uranium and thorium, was due to 
the presence of small quantities of some very active substance, 
which was different fi:om the known bodies thorium and uranium. 

This supposition was completely verified by the work of M. and 
Mme Curie, who were able to separate fi:om pitchblende by purely 
chemical methods two active bodies, one of which in the pure state 
is over a million times more active than the metal uranium. 

This important discovery was due entirely to the property 
of radio-activity possessed by the new bodies. The only guide 
in their separation was .the activity of the products obtained. Li 
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9 respect the discovery of these bodies is quite analogous to the I 
icoveiy of rare elements by the methods of apectnim analysis. 
The method employed in the separation consisted in examining 
the relative activity of the products after chemical treatment. In 
this way it was seen whether the radio-activity was confined to one 
or another of the products, or divided between both, and in what 
ratio such division occurred. | 

The activity of the specimens thus served as a basis of rough I 
qualitative and quantitative analysis, analogous in some respects ' 
to the indication of the spectroscope. To obtain comparative 
data it was necessary to test all the products in the dry state. 
The chief difficulty lay in the feet that pitchblende is a very 
complex mineral, and contains in varying quantities nearly all the 
known metals. 

12. Radium. The analysis of pitchblende by chemical 
■methods, using the procedure sketched above, led to the discovery , 
of two very active bodies, polonium and radium. The name polo- 
nium was given to the firet substance discovered by Mme Curie 
in honour of the country of her birth. The name radium was 
a very happy inspiration of the discoverers, for this substance in 
the pure state possesses the property of radio-activity to an 
astonishing degree. 

Radium is extracted from pitchblende by the same process 
necessary to sepai^ate barium, to which it is very closely allied in 
chemical properties^. After the removal of other substances, the 
radium remains behind mixed with barium. It can, however, be 
partially separated fi-om the latter by the difference in solubility of 
the chlorides in water, alcohol, or hydrochloric acid. The chloride 
of radium is less soluble than that of barium, and can be separated 
from it by the method of fractional ciystalhzation. After a large 
number of precipitations the radium can be almost completely freed 
irora the barimn. 

Both polonium and radium exist in infinitesimal quantities in 

pitchblende. In order to obtain a few decigrammes of very active 

radium, it is necessary to use several tons of pitchblende, or the 

residues obtained from the treatment of uranium minerals. It is 

' M. and Mme Curie and G. Bpinoiit, C. R. 127, p. 12IS, IBSS. 
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iiuuk wi'ir 1^1 VIM I t4i rnrry out the laborious work of sepaial 
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ii*«MuitM»i ..I |iit.rlililriul(^ by the Soci^t^ Centrale de Prodi 
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I'lit^ louyji roiuMMitrutiou mul si^^wimtion of the residues 
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'••inii.H. lU ^, ,1 ,^ .^HMiv ono tuillivn\ times the activity of uranitual 
^'^"'' '*' V^ |s»: «iM\ l»o siill hi^rhor. The difficulty of making a 
' '"'• '•'■*' ''Mniuo \\^\ siu'h i«\ lutonsk^ly active body is very great 
'' ' ^' • '• • Ml,- iuxmIi^sI. \hv' ,u't*.\*,::os an." ovnupored by noting the 
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*»x' ooxuxs* *,x^:i:'.;i: •..*:: s^: ths: pvj between the plates 

*^*x' vv» ^N\*x*^ -.ho s.^v.'.^'s::." .".irrtr-t v^less very higl 
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radium salt has been kept in the dry state for about a month. 
control experiments in purification, it is advisable to measure 
initial rather than the final activity. 

Mme Curie has utihzed the coloration of the crystals of radi- 

1118 barium as a means of controlling the final process of puri- 

ication. The crystals of salts of radium and barium deposited from 

tcid solutions are indistinguishable. The crystals of raditerous 

jium are at first colourless, but, in the course of a few hours, 

ome yellow, passing to orange and sometimea to a beautiful rose 

mr. The rapidity of this coloration depends on the amount of 

luna present, Pure radium crystals do not colour, or at any rate 

as rapidly aa those containing barium. The coloration is a 

[imum for a definite proportion of radium, and this fact can be 

lized as a means of testing the amount of banum present. When 

crystals are dissolved in water th«j coloration disappears. 

Qiesel^ has observed that pure radium bromide gives a beautiful 

mine colour to the Bunsen flame. If bjmum is present in any 

(Uantity, only the green colour due to barium is observed and a 

i{>ectroscopic examination shows only the barium lines. This 

■mine coloration of the Bunsen flame is a good indication of the 

Bity of the radium. 

V Since the preliminary announcement of the discovery of 
adium, Giesel' has devoted a great deal of attention to the 
leparation of radium, polonium and other active bodies from pitch- 
>lende. He was indebted for his working material to the firm 
)f P. de Haen of Hanover, who presented him with a ton of pitch- 
blende residues. Using the method of fractional crystallization of 
ie bromide instead of the chloride, he has been able to prepare 
ioosiderable quantities of pure radium. By this means the labour 
»f final purification of radium has been much reduced. He states 
^at six or eight ciystaltizations with the bromide are suflicient to 
completely free the radium from the barium. 
13. Spectrum of radium. It was of great importance to 
itle as soon aS possible whether radium was in reality modified 
larium or a new element with a definite spectrum. For this 
jurpose the Curies prepared some specimens of radium chloride, 
Pftj*. Zeil. 3, No. 24, p. 578, 1902. 
Wied. Annal. ti9, p. t)l, IS90. Bertchte d. d. chem. Gts. p. iUlfi. I'JOS. 
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Later observations on the spectrum of radium have been made by 
Runge\ Exner and Haschek^, with specimens of radium prepared by 
Giesel. It has akeady been mentioned that the bromide of radium 
gives a characteristic pure carmine-red coloration to the Bimsen 
flame. The flame spectrum shows two 'broad bright bands in the 
orange-red, not observed in Demar9ay s spectrum. In addition 
there is a line in the blue-green and two feeble lines in the violet. 

14. Atomic weight of radium. Mme Curie has made 
successive determinations of the atomic weight of the new element 
with specimens of steadily increasing purity. In the first obser- 
vation the radium was largely mixed with barium, and the atomic 
weight obtained was the same as that of barium, 137 "5. In 
successive observations with specimens of increasing purity the 
atomic weights of the mixture were 146 and 175. The final value 
obtained recently was 225, which may be taken as the atomic 
weight of radium on the assumption that it is divalent. 

In these experiments about 0*1 gram of pure radium chloride has 
been obtained by successive fractionations. The difficulty involved 
in preparing a quantity of pure radium chloride large enough to 
test the atomic weight may be gauged from the fact that only a 
few centigrams of fairly pure radium, or a few decigrams of less 
concentrated material, are obtained from treatment of about 2 tons 
of the mineral from which it is derived. 

Runge and Precht* have examined the spectrum of radium in 
a magnetic field, and have shown the existence of series analogous 
to those observed for calcium, barium, and strontium. These series 
are connected with the atomic weights of the elements in question, 
and Runge and Precht have calculated by these means that the 
atomic weight of radium should be 258 — a number considerably 
greater than the number 225 obtained by Mme Curie by means of 
chemical analysis. Marshall Watts*, on the other hand, using another 
relation between the lines of the spectrum', deduced the value 
obtained by Mme Curie. Considering that the number found 

1 Astrophys. Journal^ p. 1, 1900. Drude's Annal. No. 10, p. 407, 1903. 

* Sitz._ Ak. Wi88. Wien, July 4, 1901. » Phil. Mag. April, 1903. 

* PhiL Mag. July, 1903. 

^ Kunge (PJtil. Mag. Dec. 1903) has criticised the method of deduction em- 
ployed by Marshall Watts on the ground that the lines used for comparison in the 
different spectra were not homologous. 

R. R.-A. ^ 
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absorption vaiying approximately as the density. In photographs 
of the hand the bones do not show out as in X ray photographs. 

Curie and Laborde have shown that the compounds of radium 
possess the remarkable property of always keeping their tempe- 
rature several degrees above the temperature of the surrounding 
air. Each gram of radium radiates an amount of energy corre- 
sponding to 100 gram-calories per hour. This and other properties 
of radium are discussed in detail in chapters v and vi. 

16. Compounds of radium. When first prepared in the 
solid state, all the salts of radium — the chloride, bromide, acetate, 
sulphate, and carbonate — are very similar in appearance to the 
corresponding salts of barium, but in time they gradually become 
coloured. In chemical properties the salts of radium are prac- 
tically the same as those of barium, with the exception that 
the chloride and bromide of radium are less soluble than the 
corresponding salts of barium. All the salts of radium are natu- 
rally phosphorescent. The phosphorescence of impure radium 
preparations is in some cases very marked. 

All the radium salts possess the property of causing rapid 
colorations of the glass vessel which contains them. For feebly 
active material the colour is usually violet, for more active material 
a yellowish-brown, and finally black. 

17. Polonium. Polonium was the first of the active sub- 
stances obtained fi:-om pitchblende. It has been investigated in 
detail by its discoverer Mme Curie ^ The pitchblende was dissolved 
in acid and sulphuretted hydrogen added. The precipitated 
sulphides contained an active substance, which, affcer separation 
of impurities, was found associated with bismuth. This active 
substance, which has been named polonium, is so closely allied in 
chemical properties to bismuth that it has so far been found 
impossible to efiect a complete separation. Partial separation of 
polonium can be made by successive fi:-actionations based on one 
of the following modes of procedure : 

(1) Sublimation in a vacuum. The active sulphide is more 
-volatile than that of bismuth. It is deposited as a black substance 
at portions of the tube, where the temperature is between 250° 

1 C. R, 127, p. 175, 1898. 

1— ^ 
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and 300° C. In this way polonium of activity 700 times that of 
uranium was obtained. 

(2) Precipitation of nitric acid solutions by water. The 
precipitated sub-nitrate is much more active than the part that 
remains in solution. 

(3) Precipitation by sulphuretted hydrogen in a very acid 
hydrochloric acid solution. The precipitated sulphides are much 
more active than the salt which remains in solution. 

For concentration of the active substance Mme Curie ^ has made 
use of method (2). The process is, however, very slow and tedious, 
and is made still more complicated by the tendency to form 
precipitates insoluble either in strong or weak acids. After a 
large number of fractionations, a small quantity of matter was 
obtained, enormously active compared with uranium. On exami- 
nation of the substance spectroscopically, only the bismuth lines 
were observed. A spectroscopic examination of the active bismuth 
by Demar9ay and by Runge and Exner has led to the discovery 
of no new lines. On the other hand Sir William Crookes* states that 
he found one new line in the ultra-violet, while Bemdt', working 
with polonium of activity 300, observed a large number of new 

lines in the ultra-violet. These results await further confirmation. 

♦ 

The polonium prepared by Mme Curie differs fi-om the other 
radio-active bodies in several particulars. In the first place the 
radiations include only very easily absorbable rays. The two 
penetrating types of radiation given out by uranium, thorium, 
and radium are absent. In the second place the activity does 
not remain constant, but diminishes continuously with the time. 
Mme Curie found that the polonium lost half its original activity 
in the course of eleven months. 

18. The decay of the activity of polonium with time has led 
to the view that polonium is not a new active substance, but 
merely active bismuth, i.e. bismuth which in some way had been 
made active by admixture with radio-active bodies. 

The activity of any product is not necessarily a proof that 
a radio-element is present, for it has been shown that many 
inactive elements become active by association with active matter. 

1 Thhtes, Paris, 1903. ^ p^oc. Boy. Soc, May, 1900. 

3 Phys, ZeiU 2, p. 180, 1900. 



The activity of these aubstances, when removed from the active 
element, ie however only transient, and decays gradually with the 
time. Thia activity is not due to the presence of the radio-element 
itself. For example, barium separated from radium is strongly 
active, although the spectroscopic esamination shows no trace 
of the radium lines. 

In order to explain this temporary activity in inactive matter 
it has been supposed that the non-active matter is made active by 
" induction " during its mixture with the active material. The 
underlying idea has been that inactive bodies themselves acquire 
ithe property of radio-activity. There ia no evidence however that 
Bucb is the case. The evidence rather points to the conclusion 
that the activity is due, not to any alteration of the inactive body 
itself, but to an admixture with it of a very small quantity of 
intensely active matter. The active matter that causes this so- 
called "induced" activity is itself a product of the disintegration of 
the radio-element and differs from, it in chemical properties. 

The subject is a complicated one, and it cannot be discussed with 
(Odwintage at this stage ; it will, however, be considered in detail 
in section 187. On the above view the active bismuth contains 
a small quantity of matter, which weight for weight is probably 
fer more active than radium, but the activity of which decays 
with time. Tht- active matter is alHed in chemical properties to 
bismuth, but possesses some distinct analytical properties which 
allow of a partial separation. The absence of any new lines in the 
ipectrum is to be expected if, even in the most active bismuth 
prepared, thi^ active matter exists in very small quantity. 

19. The discussion of the nature of polonium was renewed by 
le discovery of Marckwald' that a substance similar to polonium, 
' which the activity did not decay with time, could he separated 
om pitchblende. The method of separation from the bismuth 
ihloride solution obtained from uranium residues was very simple. 
L rod of bismuth, dipped in the active solution, rapidly became 
oated with a black deposit, which was intensely active. This 
[eposit was continued until the whole of the activity was removed 
rom the solution. From 850 grammes of bismuth solution. 
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r I vv^t>^iit*' "^ iictivi* Kubstance was obtained in this way. The 
.,rMU\ ««( till' iiiiitU'r obtained did not decay appreciably during 
Mill. i>\.Miih'i A full chemical examination of this active matter has 
... T 111 itit II tiiiuic, but Marckwald considers that the substance is 
... Oliiil III •iHinical i>ro]xTties to tellurium than to bismuth. 

\u, iMili(iii<i{iN fniiii Marckwald's substance are similar to those 

■ ^ .l.niniii. Uti no j>enet rating rays are present. The radiations 

■ . II M iiilt ii«5«*. They have a marked photographic action, and 

, , I . niftiM :MibKt:inc(.'s, like zinc oxide and the diamond, to 

^.li.. pl»"»"" * brightly. The strong luminosity of the diamond 

n.li iIhui liiyh can be utilized to distinguish the diamond from 

i.nt ^fiMii" Uit ;^l;iKK is only slightly phosphorescent in comparison. 

I li.. iili ntii y of Marckwald's preparation with the polonium of 
I' . f tiiii.ii Ihi!^ not yet l)een', settled, but from the method of pro- 
.1,,. li.'H •oi'MIh nature of the radiations, there can be little doubt 
' '. if I Im I ■•» ."••il/htances jirobably contain the same active constituent. 
M ,i.l--?«l«l '/n the other hand, states that his preparations have 
^.,. .ii»l tlnii ;ietivity unchanged, while the polonium of the 
i mil •■ Hn'l'/ubtedly loses its iictivity in the course of a few years. 

I I M'«ii [' /r.M'ti preparation retains its activity unchanged for a 
!••• |t'ii'.'l it is strong evidence in su])port of the presence of 

I'.'i.', I j« jij.-nt. 11' the activity deciiys, the i*adio-tellurium 
, .. 1 il.l, ''wi-jstis tii tht* admixture with the tellurium of a small 
v- '"'•' . •' '' t'^*' niJitU'r, pHwluced from one of the radio-elements 
1 ' • n' n. (;ii/lil>lrndf. A possibit' origin of polonium is discussed 

■.II • • i I' •! I J ''/t't. 

^H '/tJittr products ft*om radio-active minerals. Besides 
'^" ■ ♦ -• M .« siibht,jin(!«*s radium and ])()ssibly poloniiini, it seems 

• 1 1 ' •••' I j,i',l».tl»l«' t li:it ot her radio-jictive elements of gi*eat activity 

• ■ ' ' •♦• n.innh jjii;intity in the nulio-aetive niinei*als. Although 
'" '"■• ■" •' ' piMdiH'l^ linvr iM.'cn obtained ])y treatment of uranium 
" ■•'*•'' i«'i/j, pii<-libl«-nil«* .ind otlirr minerals rich in uranium and 
f If. I I'M,. ,,.,,,, ,,j (|„.f^,. piodiicts lijivc so far ])een sufficiently purifio<l 
'• ' *''""• . •]• liiiil.r MpiM-triim as in tlu' case of radium. 

• »' ////!#//,/ IliliHin*' liiis obtained from ])itchblendo a ven' 
rtvlMi ' 'il/..i.ii»i« wliirli III- iiaiiiril actinium. This active substauci^ 
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is precipitated with the iron group, and appears to be very closely 
allied in chemical properties to thorium, though it is many thousand 
times more active. It is very diflScult to separate from thorium 
and the rare earths. Debieme has made use of the following 
methods for partial separation: 

(1) Precipitation in hot solutions, slightly acidulated with 
hydrochloric acid, by excess of hyposulphite of soda. The active 
matter is present almost entirely in the precipitate. 

(2) Action of hydrofluoric acid upon the hydrates freshly 
precipitated, and held in suspension in water. The portion 
dissolved is only slightly active. By this method titanium may 
be separated. 

(3) Precipitation of neutral nitrate solutions by oxygenated 
water. The precipitate carries down the active body. 

(4) Precipitation of insoluble sulphates. If barium sulphate, 
for example, is precipitated in the solution containing the active 
body, the barium carries down the active matter. The thorium 
and actinium are freed from the barium by conversion of the 
sulphate into the chloride and precipitation by ammonia. 

In this way Debieme has obtained a gubstance comparable 
in activity with radium. The separation, which is difficult and 
laborious, has so far not been carried far enough to bring out 
any new lines in the spectrum. Actinium gives out easily ab- 
sorbed and penetrating deviable rays like those of radium, 
and also a radio-active emanation ^ which is more allied to the 
emanation of thorium than to that of radium. The emanation 
has a distinctive rate of decay ; it loses its activity in the course 
of a few seconds, while the thorium emanation loses half its activity 
in one minute. The distinctive character of the radiations and 
emanations, together with the permanence of the activity, make 
it very probable that actinium will prove to be a new element 
of very great activity. 

21. Giesel^ also has obtained from pitchblende a radio-active 
substance which in many respects is similar to the actinium of 
Debieme. The active substance belongs to the group of cerium 

J C. R, 136, p. 446, 1903. 

'-* Ber, deutach. chem, Ges. p. 3608, 1902 ; p. 342, 1903. 



2( ftftixiV'.HrrTVB: iTBSRi^zinB^ [ch. 

'isnrrHu*. 'Uui .» pir^npitBGai wixk -diem. T!ie mt^duML of pcepHadoii 
'-^f 'Axw mua>TLai i» -iie vine » "iiar -tiiiiptuyiRft air i^ ^epmrmtism 
^i iti9: ^stiCP: >>sur;hA Tliis mnstcxnett i» ^smiiar iiL Ta&>^usa^^ be- 
hAvinnr *» tauitnim. mz inKiiiaeiy :M:rive in. ■aimpTTWin; From 
ihe nAei;hiwt of lepacuif)!!. -nuiciniiL izHeif amiDir be preaezLC except 
in miziiii;i^ 'panciry. 

The ^nhmrjaiesi zr7e» oar eaely ibiiortHid ;iiifi penetzafiii^ rays 
;)]Ut itifl^ im. **nianant>ii. C>ii ^ccaimi: <)£ ::Jie inr*HiHirii of the 
•>itutiuu7inii which in •^mioL 4~rie9ei ba» jermtHt tihis acGrvi& material 
t^he ' ananacizur ^HihftGuice:. ' 

If ^ pief!e •)! pftp*^ i» placed in. a. 'snail liuiMid veawi emttaining 
i;h«^ it«!in7*> maXiaxisLi in % ^^n trrme :me pap«fr ioaeif becDinfs power- 
fiilly ^iccive. Thift i» •^specially :die <^ase if ic i» moisGiaiiid with water. 
The •^nutxiAninii lighta op a zrnr ^ffipfriffp icreeiL An eiectnc field 
hs» * markt^d ;vii;itja '^n nfae IrnninDacv of :ie «retin. The acticm 
:«» «i'i«»*n«fH*fi in rrwiVf^ detail in 3ecrii:)n I"^. 

frifa^l S^nnii zbAZ rfie activiav of nhe nrmr^^il seenuid to inciease 
.^lig^i^ly rlnrmg' che six mi:)niAi*' inn^rral afer ^<eparatD>fL In this 
r/*j?p#y,t it i« similar x^j radrnm ciimpinniie. «?£ which die activity 
increaivy* f^r a time after depafan»:>£L 

E^>f*h zhe met;hfvi 'if preparanion and al&4.^ tihe radiacizig pri^ierties 
•'/f f.hisat * emanating' snbfiT^ance ~ inditzatie tihati in 125- the same as the 
A#*T.inin-m of iMbifrme. Xertiher 'jf cheese aecive snfastaiices has 
Ivi^n stadif^ in the same detail as nraninni. thorium. •»• radium, 
finA fnrthi^r c^'imparative data on the natnre of the radiatioDS and 
^^imanatioTW arf; neceswarv betVjre anv definite ct:»QclTisi«:«i can be 
ff^fi/thfrfl. The distinctive character of the rjdiati<«$ and ema- 
naf»i<'>nft in of fer more valae in establishing the dissimilaritT of 
two a/rtiv^; \jfA\eA than differences in their chemical beha\^our. 
TbiA ift ^jjirpt^cially the case where the active snbiJtance is present 
fm\y \x\ 9C(f%^\\ r|nantity in inactive materiaL 

22. 'V\\f' mmiUrity of the chemical properties of actinium and 
ihoriurr* haft l^^rJ to the suggestion at different times that the 
a^^jvity <ti thorium i-* not due to thorium itself but to the presence 
//f a 5<)i^bt UiU'A: of actinium. In \'iew of the difference in the rate 
fft lU'f^y of ar.'tivity of the emanations of thorium and actinium, 
thiH ]ftm\U(m iH not U^nable. If the acti\'ity of thorium were due 
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to actinium, the two emanations should have identical rates of 
decay. 

Baskerville^, working with thorium minerals, was able to obtain 
thorium less active to the photographic plate than ordinary 
thorium. He put forward the view that thorium was a mixture 
of two elements, one of which was active and the other inactive. 
These results were probably due to the separation of the active 
product Th. X fix)m the thorium (see section 119). This process 
would temporarily greatly reduce the activity as tested by the 
photographic method. 

Until thorium is obtained permanently free from activity, the 
question whether the radio-activity is due to a small trace of very 
active matter, or to the thorium itself, must remain in doubt ^. The 
feict that ordinary commercial thorium and the purest chemical 
preparation show equal activity supports the view that the efifect 
is not due to a radio-active impurity, but to the element itself. 
If the activity of thorium is due to a small trace of active matter, 
this active substance is certainly not radium or actinium or any 
other known material. 

Hofraann and Zerban'* obtained a substance from pitchblende 
similar in radio-active properties to thorium. The activity of this 
product did not diminish much in four months' interval. The 
substance was probably the same as Debieme's actinium. They 
ilso examined the thorium minerals broggerite and clevite, but 
>btained only some active residues the activity of which decreased 
rapidly with the time. 

23. Radio-active lead. Elster and Geitel^ found that lead 
sulphate obtained from pitchblende was very active. They con- 
sidered that the activity was due to admixture with radium, and 
by suitable treatment the lead sulphate was obtained in an inactive 
state. 

1 Jour. Amer. Chem. Soc. 23, p. 761, 1901. 

* In a recent paper {Ber. deutsch. chem. Ges. p. 3003, 1903) Hofmann and 
Zerban state that they have obtained a preparation of thorium from gadolinite 
which was almost inactive when tested by the electric method and conclude that 
pure thorium is not radio-active. 

8 Ber. deutsch. chem. Ges. p. 531, 1902. 

4 Wied. Annal. 69, p. 83, 1899. 
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with a rate of decay different from those already known would 
afford strong evidence that a new radio-active body was present. 
The presence of either thorium or radium in matter can very 
readily be detected by observing the rate of decay of the emana- 
tions given out by them. When once the presence of a new 
radio-element has been inferred by an examination of its radio- 
active properties, chemical methods of separation can be devised, 
the radiating or emanating property being used as a guide in 
qualitative and quantitative analysis. 
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CHAPTER 11. 

IONIZATION THEORY OF GASES. 

26. loniiation of gases by radiation. The most important 
property possessed by the radiations from radio-active bodies is 
their power of discharging bodies whether positively or negatively 
electrified. As this property has been made the basis of a method 
for an accurate quantitative analysis and comparison of the 
nuliations, the variation of the rate of discharge under different 
conditions and the processes imderlying it will be considered in 
sinno dot^iil. 

In oixior to explain the similar discharging power of R<>ntgen 
raj's, the theorj-^ has been put ^.^^ Earth 

forwi\rd that the n\vs pro- ^ 
duco [Hvsitively and negiuively "^ 

oharg^Hi carriers thnnighout + 

the volume of the gju^ sur- 4 

r\>unding the charged body, ;md ...^iXjf^^g;.. 

that the rate of production is V "*" . 

pn^jH^rtional to the intensity ^^+v 

of thonuliation. Thes*^* earners. ^^' l- 

or ions- as they have betni tenned. move with a uniform velocity 

thn^ugh the g;u> under a tnuistant electric field, and their velocity 

\';mos dinx*tly iv^ the strength of the field. 

Sup^Hxs^* we have a g;ts Ivtween two metal piate$ A and B 
^Fivr. 1^ ex|K>sovl to the nuliation, iuid that the {dates are kept 
at a vvusiiuit ditfen^nct ..^t jvtential. A definite number of ions 
will Iv pnHlui^vil jvr secvnui by the radiation, and the number 

* J. J. Thonisoi: and RuihcrfvMU, F*(t.\ Mjtf, Xct. l^^^ii^ 

^ rh«' vorvi ion Has Hv'^w nw:i pfcn^nulv «iiof««d iu the litcntore of the 
subject. In the u;!^ of this mori r,c 4k$s;i3i|><ioa u auwie that the ions in 
arv the $iiuv.e dui t^.^ vvity^fv^RdM^ vc^^ ir: ihe eieeux^^jrsb of Mlntions. 



oduced will in general depend upon the nature and pressure of 
is. In the electric field the positive ions travel towards the 
igative plate, and the {negative iona ti>ward8 the other plate, and 
insequently a current will pass through the gas. Some of the 

s will also recombine, the rate of recombination being propor- 
Dnal to the square of the number present, For a given intensity 

radiation, the current passing through the gas will increase at 
rst with the potential differeuce between the plates, but it will 
nally reach a maximuni when all the ious are removed by the 
ectric field before any recombination occurs. 

This theory accounts also for all the characteristic properties of 
tsea made conducting by the rays from active substances, though 
ere are certain diflferences observed between the conductivity 
lenomena produced by active aubstances and by X raya. These 
fiferences are for the most part the result of unequal absorption 
' the two types of raya. Unlike Rontgen raya a large proportion 

the radiation from active bodies consists of rays which are. 
)Sorbed in their passage through a few centimetres of air. The 
nization of the gas is thus not uniform, but fells off rapidly with 
icreaae of distance from the active substance. 

26. Variation of the current vrith voltage. Suppasf that 
layer of radio-active matter is spread uniformly on the lower of 
TO horizontal plates A and B {Fig. 1). The lower plate A is 
innected with one pole of a battery of cells the other pole of which 
connected with earth. The plate B is connected with one pair of 
uadrants of an electrometer, the other pair being connected with 
arth. 

The ciurent' between the plates, determined by the rate of 
lOTement of the electrometer needle, is obaerved at first to in- 
'ease rapidly with the voltage, then more slowly, finally reaching 
value which increases very slightly with a large increase in the 
oltage. This, as we have indicated, ia aimply explained on the 
nization theory. 

The radiation produces ions at a constant rate, and, before the 
ectric field is applied, the number per unit volume increases 
' A mionte ciurent ia obsa^veil between the plates even if uo radio-active matter 
pieseot. This hsa been bund to be due mainlf to a, slight natural radio-activity 
the matter oompoaing them. (See sections 218—320.) 
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until the rate of production of fresh ions is exactly balanced by the 
recombination of the ions already produced. On application of a 
small electric field, the positive ions travel to the negative electrode 
and the negative to the positive. 

Since the velocity of the ions between the plates is directly 
proportional to the strength of the electric field, in a weak fieM 
the ions take so long to travel between the electrodes that most of 
them recombine on the way. 

The current observed is consequently small. With increase of 
the voltage there is an increase of speed of the ions and a smaller 
number recombine. The current consequently increases, and wiD 
reach a maximum value when the electric field is sufficiently 
strong to remove all the ions before appreciable recombination has 
occurred. The value of the current will then remain constant even 
though the voltage is largely increased. 

This maximum current will be called the "saturation ^" current, 
and the value of the potential difference required to give this 
maximum current, the " saturation P.D." 

The general shape of the current-voltage curve is shown in 
Fig. 2, where the ordinates represent current and the abscissae 
volts. 




1 This nomenclature has arisen from the similarity of the shape of the current- 
voltage curves to the magnetization curves for iron. Since, on the ionization 
theory, the maximum current is a result of the removal of all the ions from the gas, 
before recombination occurs, the terms are not very suitable. They have however 
now come into general use and will be retained throughout this work. 
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- Although the variation of the current with voltage depends 
only on the velocity of the ions and their rate of recombination, 
the full mathematical analysis is intricate, and the equations, 
expressing the relation between current and voltage, are only 
integrable for the case of uniform ionization. The question is com- 
plicated by the inequality in the velocity of the ions and by the 
disturbance of the potential gradient between the plates by the 
movement of the ions. J. J. Thomson^ has worked out the case 
for uniform production of ions between two parallel plates, and has 
found that the relation between the current i and the potential 
difference V applied is expressed by 

where A and B are constants for a definite intensity of radiation 
and a definite distance between the plates. 

In certain cases of unsymmetrical ionization, which arise in the 
study of the radiations fi'om active bodies, the relation between 
current and voltage is very different fi'om that expressed by 
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1 Vhil, Mag, 47, p. 263, 1899. J. J. Thomson, Conduction of Electricity through; 
Gases, p. 78, 1903. 
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ch^ above e^uacioc S>aie -.'^c ihjese ^:abae«- will be consideTed in 
:s^vtioa 47. 

ST. The peceril ^hAi^r c zhz :nrr^ii>v..H:iaige curves for gases 
exfKVi^^t wO tihe rjkrjAsi'.cs ^r-ci jyccivrr c^«i:»fs is shown in Fig. 3. 

Thi:? oiirvf w-jb? ;b.:;jL:z.»r<: ?:c 45 rrjjiis ■.•t' impoie radium 
chloride, oi acclvi^v Ii>» "lizinr^i zhjkZ i irnnbim. spresd over an 
Ani'c^ oc 'V^ <i;. sTCTis x. :cl*= V'V'rr c tt ju:^ parallel plates, 
4 "> .*r.ics Amrri. The niAx.:::i'iui v-jL-ie :c zhrr 'rTirrent observed, 
wh:eh iS"- r^ik^iti k^ Kv. wjb> I i x I:"^ izirtfrf*. lie cmxent for low 
voL":iW?:?> **"*J^ ::eifcr>.- rr:c*« r::«Ciil t. Tie ~ Li^i^t. and about 600 
v:I'^> >e"'*vec. :i:e ruire^ 'v-jb?- r:«;-ii:v*£ i*: TEscr** approximate 

Ir: >i!eiiJLr,;c "*:ji ^ix?^*^'" J^'iir'^: ':r«;cie!* Iik^ :ir;uiiTxni or thorium, 

A^cr-.V-T-Uirc seiir^TJ.c > CGuizeii 3 r Tnei lower voltagea . 

TA'^Le^ 1 Ar.«;l II <c.«;w -lie ^:S'il":i^ ^ r rile :?irrtaa berween two 

"•ttTillel yiu:c> v^acr*: .'*? .'aiis ic«.: rJ :aii?L juarr respectively, when 

c*z Viiire vii* -•• vur^'.* v-Ti:* a riT^i x^JLim Jkptr •:£ nraoinni oxide. 

l*.v-5C^ I Tjl3XJE n. 

i' "^ ■? 7-3 

'**' 57-7 >I 

r- ill ~if t ^ : -a :i.>' : > s-».rj " t.i: *j». MrrMJir as di^ in- 
•r-;i-— irru""- :: \T- i.» r*-.. ii -. - 1»- ■ rtK^^: ri»rr^ > 3i:' evidence 
L •• iiir.i'-~'r -^."Li-fc--. i:. t^~.Ti ,;;^'> -.>,; :-i.''^.'.i: n err as** -n^rv slowly 
~ r .ljvt: iL'r-;^--^ f I'^i^. V T - viiiir-n. ri TiOiti I a :£iangeof 
" ^"^-O- ^ in "-i^ " 1: i'":s .:ji:'>.:a&<> \k :*irr^a.u ±*yai 18 to 
I** : -I!" iiii.:::ii ; ]i. \-Ti!t,- t m;wt:>. c i^i^^ ir'm !■» fo 335 

- .7- iL'T-:?*-^ -!- -I. — rr- nr > Ti^ -i.'';ic:»a :cia>roarrent 

]^'' -~ iirsuiit.-: Lii.T r*ii ?t':*\-^-*'a '■.k- "T-iaJi^y: >r "'''jisaices coo- 
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Taking into consideration the early part of the curves, the 
current does not reach a practical maximum as soon as would be 
expected on the simple ionization theory. It seems probable that 
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the slow increase with the large voltages is due either to an action 
of the electric field on the rate of production of ions, or to the 
difficulty of removing the ions produced near the surface of the 
uranium before recombination. It is possible that the presence 
of a strong electric field may assist in the separation of ions which 
otherwise would not initially escape fi'om the sphere of one 
another's attraction. From the data obtained by Townsend for 
the conditions of production of fresh ions at low pressures by the 
movement of ions through the gas, it seems that the increase of 
current cannot be ascribed to an action of the moving ions in the 
further ionization of the gas. 

28. The equation expressing the relation between the current 
and the voltage is very complicated even in the case of a uniform 
rate of production of ions between the plates. An approximate 
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Now the greater the value of V required to obtain a given 
value of p (supposed small compared with unity), the greater the 
potential required to produce saturation. 

It thus follows from the equation that : 

(1) For a given intensity of radiation, the saturation p.D. 
increases with the distance between the plates. In the equation, 
for small values of />, V varies as l\ This is found to be the case 
for uniform ionization, but it only holds approximately for non- 
uniform ionization. 

(2) For a given distance between the plates, the saturation 
p. D. is greater, the greater the intensity of ionization between the 
plates. This is found to be the case for the ionization produced 
by radio-active substances. With a very active substance like 
radium, the ionization produced is so intense that very large 
voltages are required to produce approximate saturation. On the 
other hand, only a fraction of a volt per cm. is necessary to produce 
saturation in a gas where the ionization is very slight, for example, 
in the case of the natural ionization observed in a closed vessel, 
where no radio-active substances are present. 

For a given intensity of radiation, the saturation p.D. decreases 
rapidly with the lowering of the pressure of the gas. This is due 
to two causes operating in the same direction, viz. a decrease in 
the intensity of the ionization and an increase in the velocity of 
the ions. The ionization varies directly as the pressure, while the 
velocity varies inversely as the pressure. This will obviously have 
the effect of causing more rapid saturation, since the rate of 
recombination is slower and the time taken for the ions. to travel 
between the electrodes is less. 

The saturation curves observed for the gases hydrogen and 
carbon dioxide^ are very similar in shape to those obtained for air. 
For a given intensity of radiation, saturation is more readily 
obtained in hydrogen than in air, since the ionization is less than 
in air while the velocity of the ions is greater. Carbon dioxide on 
the other hand requires a greater p. D. to produce saturation than 
does air, since the ionization is more intense and the velocity of 
the ions less than in air. 

1 Rutherford, Phil. Mag. Jan. 1899. 
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29. TownM^nd^ has shown that, for low pressures, the variation 
of i\ui current with the voltage is very different from that observed 
at atrn()H|)h(5ric jiresHure. If the increase of current with the voltage 
is (i(tt<;nnine(l for gases, ex|)osed to Rontgen rays, at a pressure of 
about 1 tnui. of mercury, it is found that for small voltages the 
ordinary wituration curve is obtained; but when the voltage 
applied increascis beyond a certain value, depending on the pressure 
and natunj of the gjis and the distance between the electrodes, the 
cnirrent commenccjH to increase slowly at first but very rapidly as 
the voltag(^ is raised to the sparking value. The general shape of 
the rurn»nt curves is shown in Fig. 5. 
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rho i^Miiou (^4K ot' iho ourvo tvm^sponds to the ordinary 
siUunuu'U ourvw Ai tho ^viut H the current commences to 
uwtwisv^ This uuMw^ji^^ x^f ourrynit has Kvn shown to be due to 
•ho iiouou v^f the uoji^uixo i\n\s jir Iv^w prvssures in pnxlucing fresh 
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30. Rate of recombination of the ions. A gas ionized 
by the radiation preserves its conducting power for some time 
after it is removed from the presence of the active body. A 
current of air blown over an active body will thus discharge an 
electrified body some distance away. The duration of this after 
conductivity can be very conveniently examined in an apparatus 
similar to Fig. 6. 
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Fig. 6. 

A dry current of air or any other gas is passed at a constant 
rate through a long metal tube TL, The current of air after 
passing through a quantity of cotton- wool to remove dust particles, 
passes over a vessel T containing a radio-active body such as 
uranium, which does not give off a radio-active emanation. By 
means of insulated electrodes A and B, charged to a suitable 
potential, the current through the gas can be tested at various 
points along the tube. 

A gauze screen, placed over the cross-section of the tube at 2), 
serves to prevent any direct action of the electric field in abstracting 
ions from the neighbourhood of T, 

If the electric field is sufficiently strong, all the ions travel 
in to the electrodes at A, and no current is observed at the elec- 
trode B. If the current is observed successively at different distances 
along the tube, all the electrodes except the one under consideration 
being connected to earth, it is found that the current diminishes 
with the distance from the active body. If the tube is of fairly 
wide bore, the loss of the ions due to diffusion is small, and the 
decrease in conductivity of the gas is due to recombination of the 
ions alone. 

On the ionization theory, the number dn of ions per unit volume 
which recombine in the time dt is proportional to the square of 
the number present. Thus 

dn 

where a is a constant. 
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VcUite of flu 

Qb.8 Townsend M^Clong Langevin 

Air 3420xe 3384xe 3200xe 

Carbon Dioxide 3500 x e 3492 x e 3400 x e 

Hydrogen ... 3020 xe 

The latest determination of the value of e (see section 86) is 
3*4 X 10-^® E. s. units ; thus a = 11 x 10"^. 

Using this value, it can readily be shown from the equation of 
recombination that, if 10* ions are present per cc, half of them 
recombine in about 0*9 sec. and 99% in 90 sees. 

M^'Clung {loc. dt) showed that the value of a was approximately 
independent of the pressure between 125 and three atmospheres. 
In later observations, Langevin has found that the value of a 
decreases rapidly when the pressure is lowered below the limits 
used by M^'Clung. 

31. In experiments on recombination it is essential that the 
gas should be free from dust or other suspended particles. In 
dusty air, the rate of recombination is much more rapid than in 
dust-free air, as the ions diffuse rapidly to the comparatively large 
dust particles distributed throughout the gas. The effect of the 
suspension of small particles in a conducting gas is very well 
illustrated by an experiment of Owens ^. If tobacco smoke is 
blown between two parallel plates as in Fig. 1, the current at once 
diminishes to a small fraction of its former value, although a p.d. 
is applied sufficient to produce saturation under ordinary con- 
ditions. A much larger voltage is then necessary to produce 
saturation. If the smoke particles are removed by a stream of air, 
the current at once returns to its original value. 

32. Mobility of the ions. Determinations of the mobility 
of the ions, i.e. the velocity of the ions under a potential gradient 
of 1 volt per cm., have been made by Rutherford^, Zeleny^ and 
Langevin* for gases exposed to Rontgen rays. Although widely 
different methods have been employed, the results have been very 
concordant and fully support the view that the ions move with a 

J Phil. Mag. Oct. 1899. 2 p;,,7. ]^ag. p. 429, Nov. 1897. 

» FhiL Trans. A, p. 193, 1901. * C. R. 134, p. 646, 19C2. 
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Let Ui and u, be the velocities of the positive and negative 
ions for a potential gradient of 1 volt per cm. If the velocity is 
proportional to the electric force at any point, the distance dr 
traversed by the negative ion in the time dt is given by 

dr = Xu^dt, 

or \oQe - r dr 

^^= — V^^T' 

Let ra be the greatest distance measured from the axis of the 
tube from which the negative ion can just reach the electrode A 
in the time t taken for the air to pass along the electrode. 

If P2 be the ratio of the number of the negative ions that reach 
the electrode A to the total number passing by, then 

Therefore 

Pa (6^ -a^) log, ^ 

^^ = 2F-? ^^>- 

Similarly the ratio pi of the number of positive ions that give 
up their charge to the external cylinder to the total number of 
positive ions is given by 

"^ Wt — • 

In the above equations it is assumed that the current of air is 
uniform over the cross-section of the tube, and that the ions are 
uniformly distributed over the cross-section ; also, that the move- 
ment of the ions does not appreciably disturb the electric field. 
Since the value of t can be calculated from the velocity of the 
current of air and the length of the electrode, the values of the 
velocities of the ions under unit potential gradient can at once be 
determined. 

The equation (1) shows that p^ is proportional to F, — i,e. that 
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the rate of dischai^ge of the electrode A varies directly as the 
potential of A , provided that the value of F is not ]axge enough to 
remove all the ions fix)m the gas as it passes by the electrode. 
This was found experimentally to be the case. 

In the comparison of the velocities, the potential F was adjusted 
to such a value that pi was about one half, when nranimn oxide 
was placed in the tube at L. The active substance was then 
removed, and an aluminium cylinder substituted for the brasB 
tube. X rays were allowed to fell on the centre of this aluminium 
cylinder, and the strength of the rays adjusted to give about the 
same conductivity to the gas as the uranium had done. Under 
these conditions the value of p^ was found to be the same as for 
the first exjjeriment. 

This experiment shows conclusively that the ions produced 
by Rontgen rays and by uranium move with the same velocity 
and are probably identical in all respects. The method described 
above is not very suitable for an accurate determination of the 
velocities, but gave values for the positive ions of about 1*4 cms. 
per second i)er volt i>er centimetre, and slightly greater values for 
the negative ions. 

33. The most accurate determinations of the mobility of the 
ions pr<xluced by Rontgen rays have been made by Zeleny^ and 
Langevin^. Zeleny xised a method similar in principle to that 
explained ahoxe. His results are shown in the foUowing table, 
where A", is the mobility of the positive ion and K^ that of the 
negative ion. 



Gas 



^1 



Ko ^ 



Air, dry 


1-36 


1-87 


„ inoist 


1-37 


1-51 


Oxygen, dry 


1-36 


1-80 


„ moist 


1-29 


1-52 


Carbon dioxide, drj- 


0-76 


0-81 


„ „ moist 


0-81 


0-75 


Hydrogen, dr}' 


6-70 


7-95 


„ moist ... 


5-30 


5-60 




' Phil. Trans. 195, p. 103, 1900. 

- C. R. 134, p. 046, 1902, and Thesis, p. 191, 1902. 
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Langevin determined the velocity of the ions by a direct method 
in which the time taken for the ion to travel over a known distance 
was observed. 

The following table shows the comparative values obtained for 
air and carbon dioxide. 

Air OOj 



^1 -^2 iT ^i ^i 



Direct method (Langevin) 1*40 1*70 1*22 0*86 0*90 1-06 

Current of gas (Zeleny)... 1-36 1-87 1-375 0*76 0*81 1-07 



These results show that for all gases except COj, there is a 
marked increase in the velocity of the negative ion with the dry- 
ness of the gas, and that, even in moist gases, the velocity of the 
negative ions is always greater than that of the positive ions. The 
velocity of the positive ion is not much affected by the presence 
of moisture in the gas. 

The velocity of the ions varies inversely as the pressure of the 
gas. This has been shown by Rutherford^ for the negative ions 
produced by ultra-violet light falling on a negatively charged sur- 
face, and later by Langevin ^ for both the positive and negative ions 
produced by Rontgen rays. Langevin has shown that the velocity 
of the positive ion increases more slowly with the diminution of 
pressure than that of the negative ion. It appears as if the nega- 
tive ion, especially at pressures of about 10 mm. of mercury, 
begins to diminish in size. 

34. Condensation experiments. Some experiments will 
aow be described which have verified in a direct way the theory 
bhat the conductivity produced in gases by the various types 
3f radiation is due to the production of charged ions throughout 
the volume of the gas. Under certain conditions, the ions form 
nuclei for the condensation of water, and this property allows us 
bo show the presence of the individual ions in the gas, and also to 
30unt the number present. 

It has long been known that if air saturated with water- vapour 
is suddenly expanded, a cloud of small globules of water is formed. 
These drops are formed round the dust particles present in the gas, 

1 Proc. Camb. Phil. Soc. 9, p. 410, 1898. « Thesis, p. 190, 190? 
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which act as nuclei for the D>iiden3adon of water around them. 
The experiments of R. von Hehnholtz and Bicharz^ had shown that 
chemical reactions, for example thtr ojmbustion of flames, taking 
place in the neighVjurht'jod. affected the condensation of a steam- 
jet. Lenard showed that a similar action was pr^xluoed when ultra- 
violet light tell on a negatively charged zinc sur£EU!e placed near 
the steam-jet. These results suggested that the presence of electric 
charges in the gas &cilitaced ci>ndensation. 

A verj' complete study of the ci^nditions of condensation of 
water on nuclei has been made by C. T. R. Wils^i^n-. An apparatus 
was constructed which allowed a very sudden expansion of the air 
over a wide range of pressure. The amount of condensation was 
obsened in a small glass vessel A beam of light was passed 
into the apparatus which allowed the drops formed to be readily 
obsen'ed bv the eve. 

m m 

Preliminan' small expansions caused a condensation of the 
water round the dust nuclei present in the air. These dust nuclei 
were removed by allowing the drops to settle. After a number of 
successive smaU expansions, the air was completely fi-eed from 
dust, so that no condensation was produced. 

Let t'l = initial volume of the gas in the vessel, 

r, = volume after expansion 

'•2 



If ^ < 1'25 no condensation is produced in dust-free air. If 
however - > 1*25 and < 1*38, a few drops appear. This number is 



V 

roughly constant until -^ = 1'38, when the number suddenly in- 

creases and a very dense cloud of fine drops is produced. 

If the radiation from an X rav tube or a radio-active substance 
is now passed into the condensation vessel, a new series of phenomena 

is observed. As before, if — < 1*25 no drops are formed, but if 

- = 1 "25 there is a sudden production of a cloud. The water drops 
of which this cloud is formed are finer and more numerous the 

J Wied, Annal. 40, p. 161, 1890. 

2 Phil. Trans, p. 266, 1897 ; p. 403, 1899 ; p. 289. 1900. 
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greater the intensity of the rays. This point at which condensa- 
tion begins is very marked, and a slight variation of the amount of 
expansion causes either a dense cloud or no cloud at all. 

It now remains to be shown that the formation of a cloud by 
the action of the rays is due to the productions of ions in the 
gas. If the expansion vessel is provide with two parallel plates 
between which an electric field can be applied, it is seen that the 
number of drops, formed by the expansion with the rays acting, 
decreases with increase of the electric field. The stronger the 
field the smaller the number of drops formed. This result is to be 
expected if the ions are the centres of condensation ; for in a strong 
electric field the ions are at once carried to the electrodes, and thus 
disappear from the gas. If no electric field is acting, a cloud can 
be produced some time after the rays have been cut off; but if a 
strong electric field is applied, under the same conditions, no cloud 
is formed. This is in agreement with experiments showing the 
time required for the ions to disappear by recombination. In 
addition it can be shown that each one of the fine drops carries an 
electric charge and can be made to move in a strong uniform 
electric field. 

The small number of drops produced without the action of the 

41 

rays when — > 1*25 is due to a very slight natural ionization of 

Vi 

the gas. That this ionization exists has been clearly shown by 
electrical methods (section 218). 

The evidence is thus complete that the ions themselves serve 
as centres for the condensation of water around them. These ex- 
periments show conclusively that the passage of electricity through 
a gas is due to the production of charged ions distributed through- 
out the volume of the gas, and verify in a remarkable way the 
hypothesis of the discontinuous structure of the electric charges 
carried by matter. 

This property of the ions of acting as nuclei of condensation 
gives a very delicate method of detecting the presence of ions in 
the gas. If only an ion or two is present per c.c, their presence 
after expansion is at once observed by the drops formed. In this 
way the ionization due to a small quantity of uranium held a yard 
away from the condensation vessel is at once made manifest. 
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Il tiik- C'tmive <if 4^yi*HTiTii<»TTH. x<» oe^ennjnt 'she chnqge cuxied by 
UL iuii. J. J. Tiiuiii«»aL' - o'linervec xbar xht- doud iaaoBd under tJie 
influeuotr irf JL mvh inansaa^u in densicT when iht -espmnaaa was 
aUiui 3'{>1 auG migspesieo il expiauoLiciL lauct idifr positiTe and 
Degativt^ iuiih had differem etmnkTwamqu pcmiGB. 

Thib difi^fca^eiicf- in behaviour od litt jwmnvir and negmtiTe ions 
Yfnt iuv^tfuga^ed in deiai] by C T. £.. ITikoD- in xfae idlorv]]^ way. 
X ravb wt»v iiiadfr X(> pash in fa nazmw bcsam an 'eaAer ade of a 
plau* ^2^ <Fi£:. 7 1 dJTidiufr uhe candenBaidan ^f^eaael into two equal 




Fip. 7. 

part*. The oppobiu' pcJes c»f a batteiy of cells were ocmnected 
with two parallel plates C and i>, placed synnnetiicadly with regard 
V> A . T*he Uiiddle point of the batteiy and the plate -1 were con- 
nected with earth- If the plat.e C is pctsitivelj* charged, the ions in 
the H[jace CA at a short distance fram A are all n^ative in sign. 
Tho8<- to the right are all pc»sitive. It was found that ocmdensation 

4Xy(sixrr<^i only for the negative ions in J C when — = 1-25 but did 



not ijccnr in AlJ for the positive ions until - = 1*31. 

> Phil. Mag. p. 528, I>ec. 1S98. 
* Phil. Trans. 193. p. 289, 1899. 



The negative ion thus more readily acts as a centre of coaden- 
satiou than the positive ion. The greater effect of the negative 
ion in causing condensation has been suggested as an explanation 
of the positive chai^ always observed in the upper atmosphere. 
The negative ions under certain conditions become centres for the 
formation of amal! drops of water and are removed to the earth by 
the action of gravity, while the positive ions remain suspended. 

With the apparatus described above, it has been shown that 
the positive and negative ions are equal in number. If the ex- 
pansion is large enough to ensure condensation on both ions, the 
numbers of drops formed on the right and left of the vessel in 
Fig. 7 are equal in number and fall at the same rate, i.e. are equal 

Since the ions are produced in equal numbers from a gas 
electrically neutral, this experiment shows that the charge on 
positive and negative ions is equal in value but opposite in sign. 

36. Charge carried by an ion. For a known sudden ex- 
pansion of a gas saturated with water vapour, the amount of water 
precipitated on the ions can be readily calculated. The size of the 
drops can be determined by observing the rate at which the cloud 
settles under the action of gravity. From Stokes' equation, the 
terminal velocity « of a small sphere of radius )■ and density d falling 
through a gas of which the coefficient of viscosity is ju is given by 

where ff is the accelei'ation due to gi'avity. The radius of the drop 
and consequently the weight of water in each drop can thus be 
determiued. Since the total weight of water precipitated is known, 
the number of drops present is at once obtained. 

This method has been used by J. J. Thomson' to determine the 
charge carried by an ion. If the expansion exceeds the value TSl, 
both positive and negative ions become centres of condensation. 
From the rate of fall it can be shown that the drops are approxi- 
mately all of the same size. 



1 Fhit. Mug. p. nas, Dec. : 
IhTouijIi Gate; p. 121. 
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:iu*.^ "'OSkiT, -r.»^ ir.o* ir. pttcaaz:^ "Jir cui ZiJfcrr'v 5c«c<es dEjBfase to the 
*ir!P5» -.f rr.e 'rj^iTiiixr* ". Tr^i^ii i^Itt r-iiiirrr Jhtbrre '.nr grn?- np their 

A ':vr=:CM ie':»^rr.i:rArjA:ii ..f -i^^ .-..•fOJi-rii": .c-iiifTisioii of the ions 
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produced in gases by K^ntgen rays or by the rays from active 
substances has been made by Townsend^. The general method 
employed was to pass a stream of ionized gas through a diffusion 
vessel made up of a number of fine metal tubes arranged in parallel. 
Some of the ions in their passage through the tubes diffuse to the 
sides, the proportion being greater the slower the motion of the 
gas and the narrower the tube. Observations were made of the 
conductivity of the gas before and after passage through the tubes. 
In this way, correcting if necessary for the recombination during 
the time taken to pass through the tubes, the proportion R of 
either positive or negative ions which are abstracted can be 
deduced. The value of R can be mathematically expressed by 
the following equation in terms of K, the coefficient of diffusion 
of the ions into the gas with which they are mixed ^, 

i? = 4C195e "''" +-0243e «^^ +&c.), 
where a = radius of the tube, 

Z= length of the tube, 
V = mean velocity of the gas in the tube. 

Only the first two terms of the series need be taken into 
account when narrow tubes are used. 

In this equation -B, V, and a are determined experimentally, 
and K can thus be deduced. 

The following table shows the results obtained by Townsend 
when X rays were used. Almost identical results were obtained 
later, when the radiations from active substances replaced the 
X rays. 

Coefficients of diffusion of ions into gases. 



Gas 



Air, dry 

„ moist 
Oxygen, dry 



» 



moist 



Carbonic acid, dry... 
„ „ moist 

Hydrogen, dry ... 
moist ... 



» 



TT for + ions 



^for-ions 



•028 

•032 

•025 

•0288 

•023 

•0245 

•123 

•128 



•043 

•035 

•0396 

•0358 

•026 

•0255 

•190 

•142 



Mean value 
ofii: 



•0347 

•0335 

•0323 

•0323 

•0245 

•025 

•156 

•135 



Katio of 


values of K 


1^54 


109 


1^58 


124 


1^13 


1^04 


1-54 


1^11 



1 PhiL Trans, p. 129, 1899. 



2 Townsend, loc, cit. p. IS^, 
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The moist gases were saturated with water vapour at a tem- 
perature of 15° C. 

It is seen that the negative ion in all cases diffdses &ster than 
the positive. Theory shows that the coefficients of diffosion should 
be directly proportional to the velocities of the ions> so that this 
result is in agreement with the observations on the greater velocity 
of the negative ion. 

This difference in the rate of diffusion of the ions at once 
explains an interesting experimental result. K ionized gases are 
blown through a metal tube, the tube gains a negative charge 
while the gas itself retains a positive charge. The number of 
positive and negative ions present in the gas is originally the same, 
but, in consequence of the more rapid diffiasion of the negative ions, 
more of the negative ions than of the positive give up their charges 
to the tube. The tube consequently gains a negative charge and 
the gas a positive charge. 

38. A very important result can at once be deduced when the 
velocities and coefficients of diffusion of the ions are known. 
Townsend (loc, cU,) has shown that the equation of motion of the 
ions is expressed by the formula 

where e is the charge on an ion, 

n = number of ions per cc, 
p =■ their partial pressure, 

and u the velocity due to the electric force X in the direction of 
the axis of x. When a steady state is reached, 

dp ^ J nXeK 

^ = and u = . 

dx p 

Let N be the number of molecules in a cubic centimetre of 
gas at the pressure P and at the temperature 15' C, for which 

the values of u and K have been determined. Then tj may be 
substituted for - , and, since P at atmospheric pressure is 10*, 
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Ne^ W~ * electrostatic units, 

where Ui is the velocity for 1 volt {i.e. -^ E. s. unit) per cm. 

It is known that one absolute electro-magnetic unit of 
electricity in passing through water liberates 1*23 c.c. of hydrogen 
at a temperature of 15" C. and standard pressure. The number of 
atoms in this volume is 2*46 iV', and, if e' is the charge on the 
hydrogen atom in the electrolysis of water, 

2-46 i^«' = 3 X 10^« E. s. unit^, 
Ne' = 1-22 X 10^» E. s. units. 

Thus 4=2-46 X 10-«^. 

e K 

For example, substituting the values of Ui and K determined 
for moist air for the positive ion, 

« _ 2;46 1-37 _ 

e' ~ 100 ^ 032 " "*• 

Values of this ratio, not very different from unity, are obtained 
for the positive and negative ions of the gases hydrogen, oxygen, 
and carbon dioxide. Taking into consideration the uncertainty in 
the experimental values of Uy and K, these results indicate that the 
charge carried by an ion in all gases is the same and is equal to 
that carried by the hydrogen ion in the electrolysis of liquids. 

39. Number of the ions. We have seen that, from experi- 
mental data, Townsend has found that N, the number of molecules 
present in 1 c.c. of gas at 15° C. and standard pressure, is given by 

i\r« = l-22xl0»^ 

Now e, the charge on an ion, is equal to 3*4 x lO""'® E. s. units. 

Thus iV=3-6xlO^». 

If / is the saturation current through a gas, and q the total 
rate of production of ions in the gas, 

/ 



« = .- 



4— ^ 
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The saturation current through air was found to be 1*2 x 10"^ 
amperes, i.e. 36 E.s. units, for parallel plates, 4*5 cms. apart, when '45 
gramme of radium of activity 1000 times that of uranium was spread 
over an area of 33 sq. cms. of the lower plate. This corresponds to a 
production of about 10" ions per second. Assuming, for the purpose 
of illustration, that the ionization was uniform between the plates, 
the volume of air acted on by the rays was about 148 c.c, and the 
number of ions produced per c.c. per second about 7 x 10^. Since 
J\r = 3*6 X 10*®, it is thus seen that, if one molecule produces two 
ions, the proportion of the gas ionized per second is about 10~^^ of the 
whole. For uranium the fraction is about 10~", and for pure radium, 
of activity one million times that of uranium, about 10~®. Thus 
even in the case of pure radium, only about one molecule of gas is 
acted on per second in every 100 millions. 

The electrical methods are so delicate that the production of 
one ion per cubic centimetre per second can readily be detected. 
This corresponds to the ionization of about one molecule in every 
10** present in the gas. 

40. Size and nature of the ions. An approximate estimate 
of the mass of an ion, compared with the mass of the molecule of 
the gas in which it is produced, can be made from the known data 
of the coeflBcient K of inter-diffusion of the ions into gases. The 
value of K for the positive ions in moist carbon dioxide has been 
shown to be '0245, while the value of K for the inter-diffusion of 
carbon dioxide with air is '14. The value of K for different gases 
has been found to be approximately inversely proportional to the 
square root of the products of the masses of the molecules of the 
two inter-diffusing gases ; thus, the positive ion in carbon dioxide 
behaves as if its mass were large compared with that of the 
molecule. Similar results hold for the negative as well as for the 
positive ion, and for other gases besides carbon dioxide. 

This has led to the view that the ion consists of a charged 
centre surrounded by a cluster of molecules travelling with it, 
which are kept in position round the charged nucleus by electrical 
forces. A rough estimate shows that this cluster consists of about 
30 molecules of the gas. This idea is supported by the variation 
in velocity, i.e. the variation of the size of the negative ion, in the 



|'{)resence of water vapour; for the negative ion undoubtedly has a 

I greater mass in moist than in dry gaiies. At the same time it is 

liposaible ttiat the apparently large size of the ion, as determined 

I by diffusion methods, may be io part a result of the charge carried 

by the ion. The presence of a charge on a moving body would 

increase the frequency of coUiaion with the molecuiea of the gas. 

and consequently diminish the rate of diffusion. The ion on this 

view may not actuaUy be of greater size than the molecule from 

I which it is produced. 
The negative and positive ions certainly differ in size, and this 
difference becomes very pronounced for low pressures of the gas. 
At atmospheric pressure, the negative ion, produced by the action 
of ultra-violet light on a negatively charged body, is of the 
same size as the ion produced by X rays, but at low pressures 
J. J. Thomson has shown that it is identical with the corpuscle or 
electron, which has an apparent mass of about 1/XOOO of the mass 

»of the hydrogen atom. A similar i^eault has been shown by 
Townsend to hold for the negative ion produced by X rays at a 
low pressure. It appears that the negative ion at low pressure 
^heds its attendant cluster. The result of Langevin, that the 
Velocity of the negative ion increases more rapidly with the 
diminution of pressure than that of the positive ion, shows that 
this process of removal of the cluster is quite appreciable at a 
pressure of 10 mms. of mercury. 

It must thus be supposed that the process of ionization in 
lea consists in a removal of a negative corpuscle or electron from 
ifae molecule of the gas. At atm-ospheric pressure this corpuscle 
nmediately becomes the centre of an aggregation of molecules 
trhich moves with it and is the negative ion. Alter removal of 
die negative ion the molecule retains a positive charge, and probiibly 
BbIso becomes the centre of a cluster of new molecules. 

The terms electron and ion as used in this work may therefore 
1^ defined as follows ; — 

The electron or corpuscle is the body of smallest mass yet 

town to science. It carries a negative charge of value 3'4 x 10"'° 

jctrostatic units. Its presence has only been detected when in 

ispid motion, when it has, for speeds up to about lO" cms. a second, 

I apparent mass m given by e/m^VUG x 10' electromagnetil 
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units. This apparent mass increases with the speed as the velocity 
of light is approached (see section 76). 

The ions which are produced in gases at ordinary pressure have 
an apparent size, as determined from their rates of diffusion, large 
compared with the molecule of the gas in which they are produced. 
The negative ion consists of an electron with a cluster of molecules 
attached to and moving with it. The positive ion consists of a 
molecule from which an electron has been expelled, with a cluster 
of molecules attached; at low pressures under the action of an 
electric field the electron does not form a cluster. The positive ion 
is always atomic in size, even at low pressure of the gas. Each of 
the ions carries a charge of value 3'4 x lO*"" electrostatic units. 

41. Ions produced by collision. The greater part of the 
radiation from the radio-active bodies consists of a stream of charged 
particles travelling with great velocity. Of this radiation, the a 
particles, which cause most of the ionization observed in the gas, 
consist of positively charged bodies projected with a velocity about 
one-tenth the velocity of light. The ^ rays consist of negatively 
charged particles, which are identical with the cathode rays pro- 
duced in a vacuum tube and travel with a speed about one-half 
the velocity of light (chapter IV.). Each of these projected 
particles possesses such great kinetic energy that it is able to 
produce a large number of ions by collision with the gas molecules 
in its path. No definite experimental evidence has yet been 
obtained of the number of ions produced by a single particle, or 
of the way the ionization varies with the speed, but there is no 
doubt that each projected body produces many thousand ions in 
its path before its energy of motion is destroyed. 

It has already been mentioned (section 29) that at low pressures 
ions moving under the action of an electric field are able to pro- 
duce fresh ions by collision with the molecules of the gas. At low 
pressures the negative ion is identical with the electron produced 
in a vacuum tube, or emitted by a radio-active substance. 

The mean free path of the ion is inversely proportional to the 
pressure of the gas. Consequently, if an ion moves in an electric 
field, the velocity acquired between collisions increases with diminu- 
tion of the pressure. Townsend has shown that fresh ions are 
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occasionally produced by collision when the negative ion moves 
freely between two points diflFering in potential by 10 volts. If 
the difference be about F = 20 volts, fresh ions are produced at 
each collision \ 

Now the energy TT, acquired by an ion of charge e moving 
freely between two points at a difference of potential F, is given by 

Tr= Ve. 

Taking F= 20 volts = ^ E. s. units, and c = 3-4 x 10-'^ the 

energy W required to produce an ion by collision of the negative 

ion is given by 

Tr=2-3 X 10-" ergs. 

The velocity u acquired by the ion of mass m just before a 
collision is given by 

\mu^= Ve, 



/2V.e 
V m 



and 

V m 

Now — = 1*86 X 10' electromametic units for the electron at 

m ^ 

slow speeds (section 76). 

Taking F= 20 volts, 

w = 2*7 X 10® cms. per sec. 

This is a velocity very great compared with the velocity of 
agitation of the molecules of the gas. 

The negative ions alone are able to produce ions by collision 
in a weak electric field. The positive ion, whose mass is at least 
1000 times greater than the electron, does not acquire a sufficient 
velocity to produce ions by collision until an electric field is applied 
nearly sufficient to cause a spark through the gas. 

An estimate of the energy required to produce an ion by X rays 
has been made by Rutherford and M^'Clung. The energy of the 
rays was measured by their heating effect, and the total number of 
ions produced determined. On the assumption that all the energy 
of the rays is used up in producing ions, it was found that F= 175 

^ Some difference of opinion has been expressed as to the value of V required 
to produce ions at each collision. Townsend considers it to be about 20 volts ; 
Langevin 60 volts and Stark about 50 volts. 
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volts — a value oonaideFably greater than that observed by Town- 
send from data of ionization bv collision. The ionization in the two 
cajses, however, is produced under veiy different ccmditions, and it 
in impossible to estimate how much of the energy of the rays is 
dissipated in the form of heat. 

42. Variations are found in the saturation current through gases, 
exposed to the radiations from active bodies, when the pressure 
and nature of the gas and the distance between the electrodes are 
varied. Some cases which are of special importance in measure- 
ments will now be considered With unscreened active material 
the ionization of the gas is, to a large extent, due to the a rays, which 
are absorbed in their passage through a few centimetres of air. 
In consequence of this rapid absorption, the ionization decreases 
rapidly from the surfeice of the active body, and this gives rise to 
conductivity phenomena different in character from those observed 
with Rontgen rays, where the ionization is in most cases uniform. 

43. Variation of the current with distance between the 
plates. It ha.s been found experimentally^ that the intensity of 
the ionization, due to a large plane surfiwje of active matter, fells 
off approximately in an exponential law with the distance from the 
plate. On the as.sumption that the rate of production of ions at 
any i>oint is a measure of the intensity / of the radiation, the 

value of / at that point is given by -^^ = e~^, where X is a 

constant, ^ the distance from the plate, and /© the intensity of the 
radiation at the surface of the plate. This result can be deduced 
theoretically on the assumption that the ionization at any point is 
proportional to the intensity of the radiation, and that the energy 
of the rays is used up in producing ions. 

With an infinite plane of active matter, the intensity of the 
radiation would be constant for all distances from the plane if 
there were no absoqjtion of the radiation in the gas. 

Let q be the number of ions produced per second per unit 
volume when the intensity of radiation is /. 

Let / = Kq, w^here if is a constant. 

If o) is the average energy required to produce an ion, the 

^ Rutherford, Phil. Mag. Jan. 1899. 
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energy dl absorbed in producing ions in a layer of unit area and 
thickness c2a; at a distance x from tbe plane is given by 

dl=qa}. dx 

Integrating, lege I = ^.x + A, 

where -4 is a constant. 

Since / = /© when x = Oy A= log^ /©, and 

/ -^-^ 



where X, = — = a constant. 

X will be called the absorption constant of the gas for the 
particular kind of radiation considered. 

If qo is the rate of production of ions at the surface of the 

plate, -i = e"^. 

Consider two parallel plates placed as in Fig. 1, one of which is 
covered with a uniform layer of radio-active matter. If the distance 
d between the plates is small compared with the dimensions of the 
plates, the ionization near the centre of the plates will be sensibly 
uniform over any plane parallel to the plates and lying between 
them. The saturation current i per unit area is given by 

i ss I qe'dx, where e' is the charge on an ion, 
Jo 

= q^e' ^e'^dx = ^ (1 - e^^^) ; 
Jo X 

when Xd is small, i.e. when the ionization between the plates is 

nearly constant, 

i = q^e'd. 

The current is thus proportional to the distance between the 
plates. When \d is large, the saturation current i^ is equal to -—- , 
and is independent of further increase in the value of d. In such 
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a case the radiation is completely absorbed in producing ions be- 

4 

tween the plates, and -r = 1 — e""^. 

For example, in the case of a thin layer of uranium oxide spread 
over a large plate, the ionization is mostly produced by rays the 
intensity of which is reduced to half value in passing through 
4*3 mms. of air; i,e, the value of \ is 1*6. The following table is an 
example of the variation of i with the distance between the plate& 



Distance 


Saturation Current 


2*5 mms. 


32 


5 » 


55 


7-5 „ 


72 


10 „ 


85 


12-5 „ 


96 


IS „ 


100 



Thus the increase of current for equal increments of distance 
between the plates decreases rapidly with the distance traversed by 
the radiation. 

The distance of 15 mms. was not suflScient to completely absorb 
all the radiation, so that the current had not reached its limiting 
value. 

When more than one type of radiation is present, the saturation 
current between parallel plates is given by 

i = A{l-^^) + A^ (1 - e-^i^) + &c. 

where A, A^ are constants and \, \i the absorption constants of 
the radiations in the gas. 

Since the radiations are unequally absorbed in dififerent gases, 
the variation of current with distance depends on the nature of the 
gas between the plates. 

44. Variation of the current with pressure. The rate 
of production of ions by the radiations ifrom active substances is 
directly proportional to the pressure of the gas. The absorption of 
the radiation in the gas also varies directly as the pressure. The 
latter result necessarily follows if the energy required to produce 
an ion is independent of the pressure. 

In cases where the ionization is uniform between two parallel 
plates, the current will vary directly as the pressure; when however 
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the ionization is not uniform, on account of the absorption of the 
radiation in the gas, the current does not decrease directly as the 
pressure until the pressure is reduced so far that the ionization 
is sensibly uniform. Consider the variation with pressure of the 
saturation current t between two large parallel plates, one of which 
is covered with a uniform layer of active matter. 

Let Xi = absorption constant of the radiation in the gas for 
unit pressure. 

For a pressure p, the intensity / at any point x is given by 

_ = e~^^i« The saturation current i is thus proportional to 

( pidx - f p/oe-^'^'*. da? = ~ (1 - «p^>^). 

JO i Ai 

If r be the ratio of the saturation currents for the pressures pi 
and 1^2 



r = 



1 — g— Pa^id * 



The ratio is thus dependent on the distance d between the 
plates and the absorption of the radiation by the gas. 

The difiference in the shape of the pressure-current curves^ is 
well illustrated in Fig. 8, where curves are given for hydrogen, air, 
and carbonic acid for plates 3*5 cms. apart. 

For the purpose of comparison, the current at atmospheric 
pressure and temperature in each case is taken as unity. The 
actual value of the current was greatest in carbonic acid and 
least in hydrogen. In hydrogen, where the absorption is small, 
the current over the whole range is nearly proportional to the 
pressure. In carbonic acid, where the absorption is large, the 
current diminishes at first slowly with the pressure, but is nearly 
proportional to it below the pressure of 235 mms. of mercury. 
The curve for air occupies an intermediate position. 

In cases where the distance between the plates is large, the 
saturation current will remain constant with diminution of pres- 
sure until the absorption is so reduced that the radiation reaches 
the other plate. 

1 Rutherford, Phil, Mag. Jan. 1899. 
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An interesting result follows from the rapid absorption ol 
radiation by the gas. If the current is observed between twc 
fixed parallel plates, distant di and d^ respectively from a large 
plane surfece of active matter, the current at first increases with 
diminution of pressure, passes through a maximum value, and 
then diminishes. In such an experimental case the lower plate 
through which the radiations pass is made either of open gauze or 
of thin metal foil to allow the radiation to pass through readily. 
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Fig. 8. 

The saturation current i is obviously proportional to 

pl^e-^'^, i.e. to -^ (e-p^i^i - «-p^i^). 
This is a function of the pressure, and is a maximum when 



For example, if the active matter is umnium, pX| = l"6 for the 

8 at atmospheric pressure. If t^, = 3, and rfi=l, the sataration 

rent reaches a luaximum when the pressure is reduced to about 

in atmosphere. This result has been verified experimentally. 

Conductivity of different gases when acted on l^ 
he rays. Foi- a given intensity of radiation, the rate of pro- 
Riotion of ions in a gas varies for different gasos and increases 
Fwith the density of the gas. Stnitt' has made a very complete 
examination of the relative conductivity of gases exposed to the 
dififerent types of rays emitted by active substances. To avoid 
correction for any difference of absorption of the radiation in the 
various gases, the pressure of the gas was always reduced until 
! the ionization was directly proportional to the pressure, when, as 
( have seen above, the ionization must everywhere be uniform 
roughout the gas. For each type of rays, the ionization of 
ken as imity. The currents through the gases were 
bermined at different pressures, and were reduced to a common 
«ure by assuming that the ionization was proportional to the 

With unscreened active material, the ionization is almost 
ptirely due to i rays. When the active substance is covered with 
t layer of aluminium '01 cms. in thickness, the ionization is mainly 
due to the y3 or cathodic rays, and when covered with 1 cm. of lead 
the ionization is solely due to the y or veiy penetrating raya. 
:periments on the 7 raya of radium were made by observing the 
i of discharge of a special gold-leaf electroscope filled with the 
i imder examination and exposed to the action of the rays, 
following table gives the relative conductivities of gases 
3sed to various kinds of ionizing radiations. 
With the exception of hydrogen, it will be seen that the ioniza- 
1 of gases is approximately proportional to their density for the 
', 7 rays of radium. The results for Kdntgen rays are quite 
Serenti for example, the conductivity produced by them in 
nthyl iodide was more than 14 times as great as that due to 
e rays oi' radium. The 7 rays of radium appear to be more allied 
I the y8 rays of radium than to ROntgen rays. 

VMI. Trant. A, p. 307, 19(11 and £rez. Ruij. Soc. p. 308, 1903. 
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This diffeienoe of conducti\ity in gases is due to unequal 
absorptions of the radiations. The writer has shown^ that the 
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1 

1 


m, raTS 


/3r»yB 


7 rays 


BSntgen 
rajB 


Hydrogen 


0-0693 


0-226 


0157 


0-169 


0-114 


. Air 


1-00 


1-00 


lOO 


1-00 


lOO 


Oxygen 


111 


116 


1-21 


117 


1-39 


Carbon dioxide 


. . 1*53 


1-54 


1-57 


1-53 


1-60 


Cyanogen 


. : 1-86 


; 1-94 


1-86 


1-71 


1-06 


• Sulphur dioxide .. 


. 219 


204 


2-31 


2-13 


7-97 


1 Chloroform 


4-32 


4-44 


4-89 


4-88 


31-9 


Methyl iodide 


5-05 


3-51 


518 


4-80 


72-0 


' Carbon tetrachlorid 


B 5-31 


5-34 

■ 


5-83 


5-67 


45-3 



total number of ions produced by the a rays for uranium, when 
completely absorbed by different gases, is not very different. The 
following results were obtained : 

Gas '^*'**^ 

Ionization 

Air 100 



Hydrogen 

Oxygen 

Carbonic acid 


95 

106 

96 


Hydrochloric acid gas 
Ammonia ... 


102 
101 



The numbers, though only approximate in character, seem to 
show that the energy required to produce an ion is probably not 
very different for the various gases. Assuming that the energy 
required to produce an ion in different gases is about the same, it 
follows that the relative conductivities are proportional to the 
relative absorption of the radiations. 

A similar result has been found by McLennan for cathode raj's. 
He proved that the ionization was directly proportional to the 
absorption of the rays in the gas, thus showing that the same 
energy is required to produce an ion in all the gases examined. 

46. Potential Gradient. The normal potential gradient 
between two charged electrodes is always disturbed when the gas 

1 Phil. Mag. p. 137, Jan. 1899. 
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ifl ionized in the space between them. If the gas ia uniformly 
ionized between two parallel plates. Child and Zeleny have shown 
that there is a sudden drop of potential near the surface of both 
plates, and that the electric field ia sensibly uniform for the inter- 
mediate space between them. The disturbance of the potential 
gradient depends upon the difference of potential applied, and is 
different at the sur&ce of the two plates. 

In most measuremeiits of radio-activity the material is spread 
over one plate only. In such a case the ionization is to a large 
extent confined to the volume of the air close to the active plate. 
The potential gradient in such a case is shown in Fig. 9. The 
dotted line shows the variation of potential at any point between 
the plates when no ionization is produced between the plates; 




curve A for weak ionization, such as is produced by i 
curve B for the intense ioiiization produced by a very active 
substuice. In both cases the potential gradient is least near the 
active plate, and greatest near the opposite plate. For very 
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intense ionizati<m it is very smaU near the active snr&ce. The 
potential gradient varies slightly according as the addye plate is 
chargfsd jirjsitively or negatively. 

47. Variation of current with Toltage for snrfkce ion- 
ixation. »S^;me very interesting results, giving the variation of the 
C!irrent with voltage, are observed when the ionization is intense, 
and cTinfined t^> the space near the sur&ce of one of two parallel 
plat(^H iKitween which the current is measured. 

The theory of this subject has been worked out independently 
by Child' and Rutherford*-*. Let V be the potential diflference 
h(itw(*Mn two parallel plates at a distance d apart. Suppose that 
th(j ioniwition is confined to a thin layer near the sur&ce of the 
plai(5 A (h(}(} F^ig. 1) which is charged positively. When the electric 
fiijjd is m;ling, thcjre is a distribution of positive ions between the 
plat<;H A and B. 

Ijiii n, = number of positive ions per unit volume at a distance 
X from the plate A, 

Ki — mobility of the positive ions, 

e = charge on an ion. 

The cuiTent i, per square centimetre through the gas is 
constant for all values of a?, and is given by 

dV 



t, = K^n^e ^^ . 



Hy Poiason's equation 



, ., = 4s7me. 






'1^ 



dVy 87ri> , 
Intogmtmg , ;v7 ) = -jr~ +^' 



\dx ' Ki 

dV 

whoiv A is a constant. Now A is equal to the value of -j- when 

» TAy*. K«-. Vol. 13, 1901. 

« PkiL 3fajr. p. 210. 1901 : Pk^*. Rer. Vol. 13, 1901. 
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dV 

a? = 0. By making the ionization very intense, the value of , 
can be made extremely small. 
Putting ^ = 0, 



dV ^ /SiriiX 

d^'-VlcT' 



This gives the potential gradient between the plates for differ- 
ent values of x. 

Integrating between the limits and d, 



F=±§^^d», 



If tj is the value of the current when the electric field is 
reversed, and K^ the velocity of the negative ion, 

and 4 = -r^ , 

The current in the two directions is thus directly proportional 
to the velocities of the positive and negative ions. The current 
should vary directly as the square of the potential difference 
applied, and inversely as the cube of the distance between the 
plates. 

The theoretical condition of surface ionization cannot be fulfilled 
by the ionization due to active substances, as the ionization extends 
some centimetres from the active plate. If, however, the distance 
between the plates is large compared with the distance over which 
the ionization extends, the results will be in rough agreement with 
the theory. Using an active preparation of radium, the writer has 
made^ some experiments on the variation of current with voltage 
between parallel plates distant about 10 cms. from each other. 

1 Phil Mag, Aug. 1901. 
R. R.**A. 
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The results showed 

(1) That the current through the gas for small voltages 
increased more rapidly than the potential diflFerence applied, but 
not as rapidly as the square of that potential difference. 

(2) The current through the gas depended on the direction of 
the electric field ; the current was always smaller when the active 
plate was charged positively on account of the smaller mobility of 
the positive ion. The difference between ii and ig was greatest 
whA the gas was dry, which is the condition for the greatest 
difference between the velocities of the ions. 

An interesting result follows fi-om the above theory. For given 
values of V and d, the current cannot exceed a certain definite 
value, however much the ionization may be increased. In a 
similar way, when an active preparation of radium is used as a 
source of surface ionization, it is found that, for a given voltage 
and distance between the plates, the current does not increase 
beyond a certain value however much the activity of the material 
is increased. 

In this chapter an account of the ionization theory of gases has 
been given to the extent that is necessary for the interpretation of 
the measurements of radio-activity by the electric method. It 
would be out of place here to discuss the development of that 
theory in detail, to explain the passage of electricity through 
flames and vapours, the discharge of electricity from hot bodies, 
and the very complicated phenomena observed in the passage of 
electricity through a vacuum tube. This chapter was written 
before the publication of J. J. Thomson's recent book Conduction 
of Electricity through Gases (Cambridge University Press, 1903), 
to which the reader is referred for further information on this 
important subject. 



CHAPTER III. 

METHODS OF MEASUREMENT. 

48. Methods of Measurement. Three general methods 
have been employed for examination of the radiations from radio- 
active bodies, depending on 

(1) The action of the rays on a photographic plate. 

(2) The ionizing action of the rays on the surrounding gas. 

(3) The fluorescence produced by the rays on a screen of 
platinocyanide of barium, zinc sulphide, or similar substance. 

The third method is very restricted in its application, and can 
only be employed for intensely active substances like radium or 
polonium. 

The photographic method has been very widely used, especially 
in the earlier development of the subject, but has gradually been 
displaced by the electrical method as a quantitative determination 
of the radiations became more and more necessary. In certain 
directions, however, it possesses distinct advantages over the elec- 
trical method. For example, it has proved a very valuable means 
of investigating the curvature of the path of the rays, when 
deflected by a magnetic or electric field, and has allowed us to 
determine the constants of these rays with considerable accuracy. 

On the other hand, the photographic method as a general 
method of study of the radiations is open to many objections. A 
day's exposure is generally required to produce an appreciable 
darkening of the sensitive film when exposed to a weak source of 
radiation like uranium and thorium. It cannot, in consequence, be 
employed to investigate the radiations of those active products 

5- 
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which rapidly lose their activity. Moreover, W. J. Russell has 
Hhown that the darkening of a photographic plate can be produced 
by many agents which do not give out rays like those of the radio- 
active bodies. This darkening of the plate is produced under very 
many conditions, and very special precautions are necessary when 
long exposures to a weak source of radiation are required. 

The main objection to the photographic method, however, lies 
in the fact that the radiations which produce the strongest electrical 
effect are very weak photographically. For example, Soddy^ has 
shown that the photographic action of uranium is due almost 
i»ntirely to the jnore penetrating rays, and that the easily absorbed 
rays produce in comparison very little effect. Speaking generally 
the penetrating mys are the most active photographically, and the 
action on the plate under ordinary conditions is almost entirely due 
to them. 

Most of the energ}' radiated from active bodies is in the form 
of easily absorbinl n\ys which are comparatively inactive photo- 
gniphically. These rays are difficult to study by the photographic 
nii'thtKl, as the layer of black paper which, in many cases, is 
ni'cessiiiT to absorb the phosphorescent light from active substances, 
cuts off at the si\me time most of the rays under examination. 
Thi^se mys will be shown to play a far more important part in the 
pnxjesses occumng in radio-active bodies than the rays which are 
more active photographically. 

l^he electrical methiKl, on the other hand, offers a rapid and 
accumti' luethoil of quantitatively examining the radiations. It can 
bt^ usi'd as a means of measurement of all the types of radiation 
emitted, excluding light waves, and is capable of accurate measure- 
ment over an extivmely wide rangt\ With proper precautions 
it can Ih^ used to measuiv effects produced by radiations of 
extivmely small intensity. 

49. Electrical Methods. The electrical methods employed 
in studying mdio-activity ait> all based on the property of the 
radiation in question of ionizing the gas, i.e. of producing positively 
and Ui'gatively chai-g^'d eai'riei-s thivughout the volume of the gas. 
The disc*ussion of the application of the ionization theory of gases to 

^ TntHS. Chem. Soc. Vol. SI, p. 860, 1902. 



neasurementB of radio-activity has been given in the last chapter. 
[t has there been shown that the essential condition to be fulBlled 
IT coraparative measurements of the intensity of the radiations 
1 that the electrical field should in all atai-s be strong enough to 
ibtain the maximum or saturation current through the gas. 

The electric field required to pnwluce practical saturation 
i with the intensity of the ionization and consequently with 
ihe activity of the preparations to he examined. For preparations 
which have an activity not moro than 500 times that of uranium, 
Wder ordinary conditions, a field of 100 volts per cm. is sufficient to 
roduce a practical saturation cun-ent. For very active samples of 
iditim, it is often impossible to obtain cfjnveniently a high enough 
jctromotive force to give even approximate saturation. Under 
ach conditions comparative measurement could be made by 
oeafiuring the current under diminished pressure of the gas, 
rhen saturation is more readily obtained. 

The method to be employed in the measurement of this ioniza- 
ion current depends largely on the intensity of the current to be 
Oeasured. If some very active radium is spread on the lower of 
mo insulated plates as in Fig. 1, and a saturating electric field 
jiplied, the current may be readily measured by a sensitive gal- 
inometer of high resistance. For example, a weight of '46 gr. 
if radium chloride of activity 1000 times that of uranium oxide, 
ead over a plate of ai-ea 33 sq, cms. gave a maximum current of 
X 10~" amperes when the plates were 4'5 eras, apart. In this 
3 the difference of potential to "be applied to produce practical 
Rturation was about 600 volts. Since most of the ionization is 
lue to rays which are absorbed in passing through a few centi- 
Betres of air, the current is not much increased by widening the 
listance between the two plates. In cases where the current is 
lot quite large enough for direct deflection, the current may be 
(etermined by connecting the upper insulated plate with a well 
Oanlated condenser. After charging for a definite time, say 1 or 
Bore minutes, the condenser is discharged through the galvano- 
neter, and the eiurent can be readily deduced. 

BO. In most cases, however, when dealing with less active 
substances like uranium or thorium, or with small amounts of acti' 
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material, it is necessaiv t*> emj^or metliods ior measming cmraits 
miicfa analler than can be oxiTenienthr delecled hy an cnrdinaiy 
galTanometer. The most oxiTenient appazalns to emidoy Cor this 
pforpofie is one of the nmneroos types of qoadiant ekctzoineter or 
an electzQscope «i^ special design. For many ofaeennatioiis, especially 
where the activity of the two sahstances is to be compared nnder 
constant conditi«?ns. an electr»3sc»:^ offers a Tery certain and simple 
method of measurement. As an example of a S]m|de apparatus 
of this kind, a brief descriptitxi will be given €i( the electroscope 
used bv M. and Mme Curie in manv of their earlier observaticMis. 



F' Cm 




Fig. 10. 



The ci>nnectioDS are clearly seen from Figure 10. The active 
material is placed on a plate laid on top of the fixed circular plate 
P, Oijnnected with the case of the instrument and to earth. The 
upper insulated plate P^ is connected to the insulated gold-leaf 
system LL'. S is an insulating support and L the gold-lea£ 

The system is first charged to a suitable potential by means of 
the rod C. The rate of movement of the gold-leaf is observed by 
means of a microscope. In comparisons of the activity of two 
specimens, the time taken to pass over a certain number of 
divisions of the micrometer scale in the eyepiece is observed 
Since the capacity of the charged system is constant, the average 
rate of movement of the gold-leaf is directly proportional to the 
ionization current between P and P', •>. to the intensity of the 



radifttion emitted by the active substance. Unless very active 
xoaterial is being examined, the diflference of potential between P 
and P" can easily be made sufficient to produce saturation. 

When necessary, a correction can readily be made for the rate 
pf leak when no active material is present. In order to avoid 
octemal disturbances, the plates FP" and the rod C, are surroimded 
ijy metal cylinders. E and F, connected with earth. 

Bl. A modified form of the gold-leaf electroscope can be used 
a determine extraordinarily minute cur- 
fents with accuracy, and can be employed 
I cases where a sensitive electrometer ia 
lable to detect the current. A special 
ype of electroscope has been used by 
Sister and Geitel, in their experiments on 
be natural ionization of the atmosphere. 
L very convenient type of electroscope to 
neasure the current due to minute ioniza- 
jon of the gas is shown in Fig. 1 1 . 

This type of electroscope was first used 
by C. T. R. Wilson" in his experiments of 
ihe natiiral ionization of air in closed 
jels. A brass cylindrical vessel i s taken 
bf about 1 litre capacity. The gold-leaf 
Bystem consisting of a narrow strip of 



Vie. il- 
Id-leaf L attached to a flat 
rod R is insulated inside the vessel by the small sulphur bead 8, 
mpported fi-om the rod P. In a dry atmosjihere a clean sulphur 
i almost a perfect insulator. The system is charged by a 
ight bent rod CG' passing through the ebonite cork B. The rod 
' is connected to one terminal of a battery of small accumulators 
if 200 to 300 volts. If these are absent the system can be charged 
yy means of a rod of aealing-wax. The charging rod GO' is then 
removed from contact with the gold-leaf system. The rods P and 
7 and the cylinder are then connected with earth. 

The rate of movement of the gold-leaf is observed by a reading 
oicroacope through two holes in the cylinder, covered with thin 
lica. In cases where the natural ionization due to the enclosed 
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*ir in the cylinder is to be accurately measured, it is adviEablci 
enclose the eupporting aiid charging rod and sulphur bead 
smftll motal cylinder M connected to earth, ao that only the 
gold-leaf eyateni is pxpiised in the main volume of the air. 

In an apparatus of this kind the small leakage over the aat^ 
boHd win be almost completely eliminated by keeping the rwli 
charged tu the average (wteutial of the gold-leaf system 
the observation. This method has been used with great succes! 
C. T. R. Wilson {loc. cit.). Such retinementa, however, are genenl 
unnecessary, exnipt in investigations of the natural iomzatioa 
gaaes at low pressurea, when the conduction leak over the sul] 
bead in comparable with the dischai^ due to the ionized gas. 

62. Tht! electric capacity C of a gold-leaf system about 4 ( 
long is usually about 1 electrostatic unit. If V" is the decreaxi 
pot<intiftl of the gold-leaf sj-stem in volts in the time t seconds, 
current t through the gas is given by 

._cr 

'~ ( ■ 

With a well cleaned brass electroscope of volume 1 litre, 
fall of potential due to the natural ionization of the air was foon 
to be about fl volts jwr hoiu-. Since the capacity of the gold- 
system was about 1 electrostatic unit 



I = 3 600 x ' soQ =■ ^**' '* ^"^"^ ^-^^ ""'^ = 1'^ ^ ^^~" amperes. 

With special precautions a rate of discharge of 1/10 or em 
1/100 of this amount can be accurately measured. 

The number of iona produced in the gas can be calculated il 
the charge on an ion is known. J. J. Thomson has shown that the 
chai^ e on an ion is efjual to 34 x 10-" electrostatic units 
1"13 X 10-'" coulombs. 

Let q = number of ions produced per second per cubic centh 
metre throughout the volume of the eiectroaoope, 
iS= volume of electroscope in cubic centimetres. 

ution is uniform, the saturation current i is givenb 



Now for an electroscope with a volume of 1000 c.c, t was equal 
[to about 19 X 10~'* amperes. Substituting the values given above 
q = 17 ions per cubic centimetre per second. 

With suitable precautions an electroscope can thus readily 
3 au ionization current corresponding to the production of 
1 ion per cubic centimetre per second. 

The great advantage of an apparatus of this kind lies in the 
fact that the current measured is due to the ionization inside the 
vessel and is not influenced by the ionization of the external air or 
by electrostatic disturbances. Such an apparatus is very convenient 
for investigating the very penetrating radiations from the radio- 
elements, since these rays pass readily through the walls of the 
eiectroBCMpe. When the electroscope is placed on a lead plate 3 or 
4 mms. thick, the ionization in the electroscope, due to a radio- 
active body placed under the lead, is due entirely to the very 
penetrating rays, since the other two types of rays are completely 
absorbed in the lead plate. 

63. A modified form of electroscope, which promises to be of 
great utility for measuring currents even more minute than those 
to be observed with the type of insti-ument already described, has 
recently been devised by C. T. R. Wilson'. The construction of the 
apparatus is shown in Fig. 12. 
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The case consists of a rectangular btass box 4 cms. x 4 cms. 
X 3 cms. A narrow gold-leaf L is attached to a rod R passing 
through a clean sulphur cork. Opposite the gold-leaf is fixed an 
insulated brass plate P, placed about 1 mm. firom the wall of the 
box. The movement of the gold-leaf is observed through two 
small windows by means of a microscope provided with a micrometer 
scale. The plate P is maintained at a constant potential (generally 
about 200 volts). The electrometer case 4s placed in an inclined 
position as shown in the figure, the angle of inclination and the 
potential of the plate being adjusted to give the desired sensitive- 
ness. The gold-leaf is initially connected to the case, and tiie 
microscope adjusted so that the gold-leaf is seen in the centre of 
the scale. For a given potential of the plate, the sensitiveness 
depends on the angle of tilt of the case. There is a certain critical 
inclination below which the gold-leaf is unstable. The most 
sensitive position lies just above the critical angle. In a particular 
experiment Wilson found that with an angle of tilt of 30° and wiA 
the plate at a constant potential of 207 volts, the gold-leaf, when 
raised to a potential of one volt above the case, moved over 200 
scale divisions of the eyepiece, 54 divisions corresponding to one 
millimetre. 

In use, the rod R is connected with the external insulated 
system whose rise or fell of potential is to be measured. On 
account of the small capacity of the system and the large movement 
of the gold-leaf for a small difference of potential, the electroscope 
is able to measure extraordinarily minute currents. The apparatus 
is portable. If the plate P is connected to one pole of a dry pile 
the gold-leaf is stretched out towards the plate, and in this position 
can be carried without risk of injury. 

54. Electrometers. Although the electroscope can be used 
with advantage in special cases, it is limited in its application. 
The most generally convenient apparatus for measurement of 
ionization currents through gases is one of the numerous types of 
quadrant electrometers. With the use of auxiliary capacities, the 
electrometer can be used to measure currents with accuracy over 
a wide range, and can be employed for practically every kind of 
measurement required in radio-activity. 

The elementary theory of the symmetrical quadrant electrometer 



I given in the text-books is very imperfect. It is deduced that 
le sensibility of the electrometer — measured by the deflection of 
le needle for 1 volt P.O. between the qiiadrants — varies directly 
I the potential of the charged needle, provided that this potential 
high compared with the P.D. between the f|uadranta. In most 
ectrometers however, the sensibility rises to a maximum, and then 
Jcreases with increase of potential of the needle. For electrometers 
; which the needle lies close to the quadrants, this maximum 
naibility is obtained for a comparatively low potential of the 
idle. A theory of the quadrant electrometer, accounting for this 
ition, has been recently given by G. W. Walker'. The effect 
ipears to be due to the presence of the air space that necessarily 
ists between adjoining quadrants, 

Supposi' that it is required to measure with an electrometer 
e ionization current between two 
metal plates A and li 
'ig. 13) on the lower of which some 
stive material has been spread. If 
3 saturation current is required, 
; insulated plate A is connected 
ith one pole oi'a battery of suEEcient 
a.F. to produce saturation, the 
her pole being connected to earth. 
he insulated plate B is connected 
ith one pair of quadrants of the 
' electrometer, the other pair being 
earthed. By means of a suitable key 
K, the plate B and the pair of quadrants connected with it may be 
either insulated or connected with earth. When a measurement 
is to be taken the earth connection is broken. If the positive pole 
of the battery is connected with A, the plate B and the electro- 
meter connections immediately begin to be charged positively, and 
the potential, if allowed, will steadily rise until it is very nearly 
equal to the potential of ^, As soon as the potential of the 
electrometer system begins to rise, the electrometer needle com- 
mences to move at a uniform rate. Observations of the angular 
movement of the needle are made either by the telescope and scale 

' Fhil. Mag. Aug, 1903. 
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is to a large estent avoided in the White pattern of the Kelvin 
electrometer, which is provided with a replenisher and attracted 
disc for keeping the potential of the neetlle at a definite value. If 
sufficient troulile is taken in insulating and setting up this type 
of electrometer, it proves a very useful instrument of moderate 
sensibility, and will continue in good working order for a year or 
more without much attention. 

Simpler types of elcKitrometer of greater sensibility can however 
be readily constructed to give accurate results. The old type of 
quadrant electrometer, to be fmuid in every laboratory, can readily 
be modified to prove a useful and trustworthy instrument. A light 
needle can be simply made of thin aluminium, of silvered paper or 
of a thin plate of mica, covered with gold-leaf to make it conducting. 
The aliuninium wire and mirror attached should be made as light 
as possible. The needle should be suspended either by a fine 
quaj-tz fibre or a long bifilar suspension of silk. A very fine 
phosphor bronze wire of some length is also very satisfiietory. 
A magnetic control is not very suitable, as it is disturbed by coils 
or dynamos working in the neighbourhood. In addition, the zero 
point of the needle is not as steady as with the quartz or bifilar 
suspension. 

When an electrometer is used to measure a cun'cnt by noting 
the rate of movement of the needle, it is essential that the needle 
should be damped sufficiently to give a uniform motion of the spot 
of light over the scale. The damping requires fairly accurate 
adjustment. If it is too little, the needle has an oscillatory move- 
ment superimposed on the steady motion; if it is too great, it 
moves too sluggishly from rest and takes some time to attain 
a. state of uniform motion. With a light needle, very little, if any, 
extra damping is required. A light platinum wire with a single 
loop dipping in sulphuric acid is generally sufficient for the purpose. 

With light needle systems and delicate suspensions, it is only 
necessary to charge the needle to a potential of a few hundred volts 
to give a sensibility of several thousand divisions for a volt. With 
such low potentials, the difficulty of insulation of the condenser, 
with which the needle is in electrical connection, is much reduced. 
It is convenient to use a condenser such that the potential of the 
needle does not fall more than a few per cent, per day. The 
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iployed. In consequence of the lightness of the needle and the 
eamess to the quadrants it acts as its own daraper. This is 
dvantage, for difficulties always arise with the wire dipping 
ito sulphuric acid, on account of tlie thin film which collects after 
ime time on the surface of the acid. This film obstructs the 
otion of the platinum wire dipping into the acid, and has to be 
moved at regular intervals. These instruments can be readily 
ade to give a sensibility of several thousand divisions for a volt 
lien the needle is charged to about one hundred volts. The 
naibility of the electrometer passes through a maximum as the 
(tential of the needle is increased. It is always advisable to 
large the needle to about the value of this critical potentiaL The 
■pacity of the electrometer is in general high (about 50 electro- 
atic units) but the increased sensibility more than compensates 
r this. The needle may either be charged by lightly touching 
with one terminal of a battery, or it may be kept charged to 
constant potential through the quartz suspension. The quartz 
1 be made sufficiently conducting for this purpose by 
iping it into a dilute solution of calcium chltjride. In addition 
its great sensibility, the advantages of this instrument lie in the 
eadinesB of the zero and in the self-damping. 

Adjustment and screening. In adjusting ;vn electro- 
leter, it is important to arrange that the needle lies sjtu metrically 
ith regard to the quadrants. This is best tested by observing 
tiether the needle is deflected on charging, the quadrants all 
iing earthed. In most electrometers there is an adjustable 
ladrant, the jjosition of which may be altered until the needle is 
it displaced on charging. When this condition is fulfilled, the 
ro reading of the electrometer remains unaltered as the needle 
369 its chai'ge, and the deflection on both sides of the zero should 
I the same for equal and opptsite quantities of electricity. 

The supports of the quadrants require to be well insulated. 
bonite rods are as a rule more satisfactory for this pui-pose than 
In testing for the insulation of the quadrants and the 
tnnectdons attached, the system is charged to give a deflection 
' about 200 scale divisions. If the needle does not move more 
,n one or two divisions after standing for one minute, the 



80 METHODS OF MEASUREMENT [CH. 

insulation may be considered quite satisfactory. When a suitable 
desiccator is placed inside the tight-fitting electrometer case, the 
insulation of the quadrants should remain good for months. If the 
insulation of the ebonite deteriorates, it can easily be made good 
by removing the surface of the ebonite in a lathe. 

In working with a sensitive instrument like the Dolezalek 
electrometer, it is essential that the electrometer and the testing 
apparatus should be completely enclosed in a screen of wire-gauze 
connected with earth, in order to avoid electrostatic disturbances. 
If an apparatus is to be tested at some distance fi:om the electro- 
meter, the wires leading to it should be insulated in metal cylinders 
connected to earth. The size of the insulators used at various 
points should be made as small as possible in order to avoid 
disturbances due to their electrification. In damp climates, paraflBn 
or sulphur insulates better than ebonite. The objection to paraflSn 
as an insulator for sensitive electrometers lies in the difficulty of 
getting entirely rid of any electrification on its surface. When 
once paraflSn has been charged, the residual charge, after dis- 
electrifying it with a flame, continues to leak out for a long interval. 
All insulators should be diselectrified by means of a spirit-lamp or 
still better by leaving some uranium near them. Care should be 
taken not to touch the insulation when once diselectrified. 

In accurate work it is advisable to avoid the use of gas jets or 
bunsen flames in the neighbourhood of the electrometer, as the 
flame gases are strongly ionized and take some time to lose their 
conductivity. If radio-active substances are present in the room, it 
is necessary to enclose the wires leading to the electrometer in 
fairly narrow tubes, connected with earth. If this is not done, it will 
be found that the needle does not move at a constant rate, but 
rapidly approaches a steady deflection where the rate of loss of 
charge of the electrometer and connections, due to the ionization 
of the air around them, is balanced by the current to be measured. 
This precaution must always be taken when observations are made 
on the very penetrating rays from active substances. These rays . 
readily pass through ordinary screens, and ionize the air around 
the electrometer and connecting wires. For this reason it is 
impossible to make accurate measurements of small currents in 
a room which is used for the preparation of radio-active material. 




Fig. lo. 



In coiirsp of time thf walla of the room become radio-active owing 
to the dissemination of tlust and the action of the radio-active 
emanations. 

58. Electrometer key. For work with electrometers of 
high sensibility, a special key is 

necessary to make and break from 
a distance the connection of the 
quadrants to earth in order to 
avoid electroatatic disturbances at 
the moment the current is to be 
measured. The simple key shown 
in Fig. 15 has been found very 
satisfactory for this purpose. A 
small brass rod BM, to which a 
string is attached, can be moved 
vertically up and down in a brass ^ 
tube A, which is rigidly attached 
to a bent metal support connected 

to earth. When the string ia released this rod makes contact with 
the mercury M, which fills a hole in the small block of ebonite P. 
The electrometer and testing vessel are connected with the mercury. 
When the stnug is pulled the rod BM is removed from the 
mercury and the earth connection of the electrometer system is 
broken. On release of the string, the rod BM falls and the electro- 
meter is again earthed. By means of this key, which may be. 
operated at any distance from the electrometer, the earth con- 
nection may be made and broken at definite intervals without 
any appreciable distui'bance of the needle. 

59. Testing apparatus. The arrangement shown in Fig. 16 
is very convenient for many measurements in radio-activity. Two 
parallel insulated metal plates A ajid B are placed inside a metal 
vessel V, provided with a side door. The plate A ia connected with 
one terminal of a battery of small storage cells, the other pole of 
which is earthed ; the plate B with the electrometer, and the vessel 
V with earth. The shaded areas in the figure indicate the position 
of ebonite insulators. The active material to be tested ia spread 
uniformly in a shallow groove (about 5 cms. square and 2 mraa. 
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deep) in the brass plate A. In order to avoid breaking the 
batteiy connection every time the plate A is removed, the wire 



To Electrometer 




To Battery 



Fig. 16. 

from the battery is permanently connected to the metal block N 
resting on the ebonite support. In this arrangement there is no 
possibility of a conduction leak from the plate A to By since the 
earth-connected vessel V intervenes. 

An apparatus of this kind is very convenient for testing the 
absorption of the radiations by solid screens, as well as for making 
comparative studies of the activity of different bodies. Unless 
very active preparations of radium are employed, a battery of 
300 volts is sufficient to ensure saturation when the plates are not 
more than 5 centimetres apart. If substances are being tested which 
give off a radio-active emanation, the effect of the emanation can 
be eliminated by passing a steady current of air from a gas bag 
between the plates. This removes the emanation as fast as it is 
produced. 

If a clean plate is put in the place of -4, a small movement of 
the electrometer needle is always observed. If there is no radio- 
active substance in the neighbourhood, this effect is due to the 
small natural ionization of the air. We can always correct for this 
natural leak when necessary. 

60. It is often required to measure the activity due to the 
emanations of thorium or radium or the excited activity produced 
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by those emanations on rods or wires. A convenient apparatus for 
this purpose is shown in Fig. 17. The cylinder B is connected with 
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the battery in the usual way, and the central conductor A with the 
electrometer. This central rod is insulated from the external 
cylinder by an ebonite cork, which is divided into two parts by a 
metal ring OC connected to earth. This ring acts the part of a 
guard-ring, and prevents any conduction leak between B and A, 
The ebonite is thus only required to insulate satisfactorily for the 
small rise of potential produced on A during the experiment. In all 
accurate measurements of current in radio-activity the guard-ring 
principle should always be used to ensure good insulation. This 
is easily secured when the ebonite is only required to insulate 
for a fraction of a volt, instead of for several hundred volts, as is 
the case when the guard-ring is absent. 

61. For measurements of radio-activity with an electrometer, 
a steady source of E.M.F. of at least 300 volts is necessary. This 
is best obtained by a battery of small cells simply made by 
immersing strips of lead in dilute sulphuric acid, or by a battery 
of small accumulators of the usual construction. Small accumu- 
lators of capacity about one-half ampere hour can now be obtained 
at a moderate price, and are more constant and require less 
attention than simple lead cells. 

In order to measure currents over a wide range, a graduated 
series of capacities is required. The capacity of an electrometer and 
testing apparatus is usually about 50 electrostatic units or '000056 
microfarads. Subdivided condensers of mica are constructed in 
which capacities varying from 001 to '2 microfarads are provided. 
With such a condenser, another extra capacity is required to 
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bridge over the gap between the capacity of the electrometer 
and the lowest capacity of the condenser. This capacity of value 
about 200 electrostatic units can readily be made of parallel plates 
or still better of concentric cylinders. With this series of capacities, 
currents may be measured between 3 x 10~" and 3 x 10~^ amperes 
— a range of over one million times. Still larger currents can be 
measured if the sensibility of the electrometer is reduced, or if 
larger capacities are available. 

In a room devoted to electrometer measurements of radio- 
activity, it is desirable to have no radio-active matter present 
except that to be testeid. The room should also be as free from 
dust as possible. The presence of a large quantity of dust in the 
air (see section 31) is a very disturbing fector in all radio-active 
measurements. A larger e.m.f. is required to produce saturation 
on account of the diffusion of the ions to the dust particles. The 
presence of dust in the air also leads to uncertainty in the dis- 
tribution of excited activity in an electric field (see section 171). 

62. Mea49(urement of Current. In order to determine 
the current in the electrometer circuit by measuring the rate of 
movement of the needle, it is necessary to know both the capacity 
of the circuit and the sensibility of the electrometer. 

Let G = capacity of electrometer and its connections in E.s. units. 

d = number of divisions of the scale passed over per second. 

D = sensibility of the electrometer measured in scale divi- 
sions for 1 volt P.D. between the quadrants. 

The current i is given by the product of the capacity of the 
system and the rate of rise of potential. 

Thus i = oT^TTT) E.S. units, 1 

Cd 

Suppose, for example, 

a=50, d = 5, D = 1000. 
Then i = 2*8 x lO-^^ amperes. 
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Since the electrometer can readily measure a current corre- 
sponding to a movement of half a swile division per second, 
is easily seen that an electrometer can measure a current of i 
X 10~" amperes, which is considerably below the range of the I 
inost sensitive galvanometer. 

The capacity of the electrometer itself must not be considered 
as only that of the pair of quadrants and the needle when in a 
position of rest. The actual capacity is very much larger than this, 
1 on account of the motion of the charged needle. Suppose, for 
r«xample, the needle is charged to a high negative potential, and 
kept at the zero position by an external constraint. If a quantity Q 
of positive electricity is given to the electrometer and its connections, 
the whole system is raised to a potential V, such that Q = CV, 
where G is the capacity of the ayatem. When however the needle 
is allowed to move, it is attracted into the charged pair of quad- 
rants. This corresponds tii the introduction of a negatively charged 
body between the quadrants, and in consequence the potential of 
the system is lowered to V. The jvctual capacity C of the system 
when the needle moves is thus gi'eater than C, and is given by 
C'V'=CV. 
The capacity of the electrometer is thus not a constant, but 
depends on the potential of the needle, i.e. on the sensibility of the 
electrometer. 

An interesting result of practical importance follows from the 
variation of the capacity of the electrometer with the potential of 
the needle. If the external capacity attached to the electrometer 
is small compared with that of the electrometer itself, the rate of 
movement of the needle for a constant current is, in some cases, 
independent of the sensibility. An electrometer may be used for 
several days or even weeks bo give nearly equal deflections for 
a constant current, without recharging the needle, although its 
potential has been steadily falling during the interval. In such 
a case the decrease in .sensibility is nearly proportional to the 
decrease in capacity of the electrometer, so that the deflection for 
a given current is not much altered. The theory of this action has 
been given by J. J. Thomson'. 

> Phil. Ma-f. 46, p. 537, 18D8. 
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rods at each end. The capacity is given approximately by the 
formula 

I 



= 



2 log,-' 




where b is the internal diameter of /), a the external diameter of C, 
and I the length of the tubes. 

The following method can in some cases be used with advantage. 
While a testing vessel is in connection with the electrometer, a 
sample of uranium is placed on the lower plate A, Let dg and 
di be the number of divisions passed over per sec 
with and without the standard capacity in C9ijhectfori. ^ ^^ 

. " I 

S '■ J, - - 

and (7=(7i^— j^. ^'^^"^ //NG L ( ' -' 

This method has the advantage that the relative capacities are 
expressed in terms of the motion of the needle under the actual 
conditions of measurement. 

64. Quartz piezo-electrique. In measurements of the 
strength of currents by electrometers, it is always necessary to 
determine the sensibility of the instrument and the capacity of the 
electrometer and the apparatus attached thereto. By means of the 
quartz piezo-electrique devised by the brothers MM. J. and P. Curie^ 
measurements of the current can be made with rapidity and 
accuracy over a wide range. These measurements are quite inde- 
pendent of the capacity of the electrometer and external circuit. 

The essential part of this instrument consists of a plate of 
quartz which is cut in a special manner. When this plate is 
placed under tension, there is a liberation of electricity equal in 
amount but opposite in sign on the two sides of the plate. The 
plate of quartz AB (Fig. 19) is hung vertically and weights are 
added to the lower end. The plate is cut so that the optic axis of 

1 C. R. 91, pp. 38 and 294, 1880. See also Friedel and J. Curie, C. R. 96, 
pp. 1262 and 1389, 1883, and Lord Kelvin, Phil Mag. 36, pp. 331, 342, 384, 414, 
453, 1893. 
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the crystal is horizontal and at right angles to the plane of the 
paper. 

The two feces A and B are normal to one of the binary axes 
(or electrical axes) of the crystal. The tension must be applied in 
a direction normal to the optic and electric axes. The two feces 
A and B are silvered, but the main portion of the plate is electrically 



To Support 




Earth 



To Weight 



Fig. 19. 



insulated by removing a narrow strip of the silvering near the upper 
and lower ends of the plate. One side of the plate is connected to 
the electrometer and to the conductor, the rate of leak of which is 
to be measured. The quantity of electricity set free on one face of 
the plate is accurately given by 

Q = 0063 ^.F, 

where L is the length of the insulated portion of the plate, b the 
thickness AB, and F the weight attached in kilogrammes. Q is 
then given in electrostatic units. 

Suppose, for example, that it is required to measure the current 
between the plates CD (Fig. 19), due to some radio-active material 
on the plate (7, for a given difference of potential between C and D, 
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At a given instant the connection of the quadrants of the electro- 
meter with the earth is broken. The weight is attached to the 
quartz plate, and is held in the hand so as to gradually apply the 
tension. This causes a release of electricity opposite in sign to 
that given to the plate D. The electrometer needle is kept at the 
position of rest as nearly as possible by adjusting the tension by 
hand. The tension being fiiUy applied, the moment the needle 
commences to move steadily from zero is noted. The current 

Q 

between the plates CD is then given by ^ where t is the time of 

the observation. The value of Q is known from the weight attached. 
In this method the electrometer is only used as a detector to 
show that the system is kept at zero potential. No knowledge of 
the capacity of the insulated system is required. With practice, 
measurements of the current can be made in this way with rapidity 
and certainty. 



CHAPTER IT. 

yATURE OF THE RADIATIONS. 

PART L 

C03fPABISl>y OF THE RaIMATI03(SL 

66, Tbe Three Tjrpes of Radlskton. All the radio-active 

anbetancef^ fo&sess in ci:>mnioQ the p>wer of actiiig on a photographic 
plate and of ioniziiig the gas in their immediate nei^bonrfaood. 
The intensity of the radiations may be ci>mpared by means of their 
photographic or electrical action ; and, in the case of the strongly 
radio-active snbstances, by the power they possess of Ughting up 
a phrjsphorescent screen. Such comparisons, however, do not throw 
any light on the question whether the radiations are of the same 
or of different kinds, for it is well known that such different types 
of rarliations as the short waves of ultra-violet light, Bontgen and 
cathfxle rays, all possess the property of producing ions throughout 
the volume of a gas, lighting up a fluorescent screen, and acting 
on a photographic plate. Neither can the ordinary optical methods 
be employed to examine the radiations under consideration, as 
they show no trace of regular reflection, refiraction, or polarization 
Two general methods can be used to distinguish the types of 
the rarliations given out by the same body, and also to compare 
the radiations from the different active substances. These methods 
are as follows : 

(1) By observing whether the rays are appreciably deflected 
in a magnetic field. 

(2) By comparing the relative absorption of the rays by solids 
and gases. 



I Examined in these ways, it has been found that there are three 
f different types of radiation emitted from radio-active bodies, which 
I for brevity and convenience have been termed the a, ^, and 7 rays. 
I (i) The a rays are very readily absorbed by thin metal foil 
bud by a few centimetres of air. They have been shown to consist 
^n positively chained bodies pi-ojected with a velocity of about 
B/10 the velocity of light. They are deflected by intense mag- 
Bnetic and electric fields, but the amount of deviation is minute 
Kn comparison with the deviation, under the same conditions, of 
l;(he cathode rays produced in a vacuum tube. 

■ (ii) The & rays are for more penetrating in character than the 
Ba rays, and consist of negatively charged bodies projected with 

■ velocities of the same order as the velocity of light. They are far 
I'more readily deflected than the a ray.s and are in fact identical 
I with the cathode rays produced in a vacuum tube. 

I (iii) The 7 raj-s are extremely penetrating, and non-doviable 
I. by a magnetic field. Their true na,ture is not yet known, but they 
l«re analogous in some respects to very penetrating Rttntgen rays. 

■ The three best known radio-active substances, uranium, thorium, 
VAnd radium, all give out these three types of rays, each in an amount 
r approximately proportional to its relative activity. Polonium 

stands alone in giving only the a or easily absorbed rays'. 

66. Deflectloii of the rays. The rays emitted from the 
active bodies thus present a very close analogy with the rays which 
^re produced in a highly exhausted vacuum tube when an electric 

<amiuatioD of uranium the writer [PhU. Mag. Jan. 18U9) found that 
tlM rafH from urnninm confliet of t«o kinds, diSeriug greatly in penetrating power, 
'Wbioh were called the a and j3 rays. Later, it waa (ound that aimilar types of rays 
emitted by thorium and radium. On the discovery uf very penetrating laya from 
and thorium as well as in radiuns. the term y was applied to them by Che 
^rriter. The word "ray " has been retained in this work, althongh it is now aettied. 
Jfhat the a and ^ rays coneiet of material particlea projected with gtea-t Telocity. The 
thus used in the Rame sense as by Newton, who applied it in the Prineipia 
to the stream of corpuscleB which he believed to be responsible for the phenomenon 
of light. In some recent papers the a and ^ rays have beeu called the a and ^ 
ations." This numeuclatuto cannot fail to lead to confusion, since the 
tann '■ radio-aotiva emanation " has already been generally adopted in radio- 
Mlivitf SB applying to the material substance which gradually liiJ'tiacK fram thorium 
Itad radium compounde, and itself emits rays. 
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rays, diacovered by G«>kbteiiL wfaicfa. have be^i ahown by Wien to 
Cf>naiat of p^eitivelj chargied b«xlie9 projected with great velocity. 
The ^ rays are uhe sazne as} the cathode rays, while the y rays in 
some respects resemble the Roatgea rays. la a Tacamn tube, 
a large amoant «>f electric energy i:§ expended to {sodnce the lays, 
bat, in the radiivactive b«xiies, the rays are emitted spoataneously 
and at a rate nnrnlfaenced by any chemical or physical agency. 
The 2 and ^ rays from the actrve bodies are projected with mnch 
greater velcMrity than the ci>rresponding rays in a Yacmun tube, 
while the 7 rays are of mach greater penetratrng power than 
Eontgen rays. 

The effect of a magnetic field on a pencil of rays firom a 
radio-active substance giving oat the three kinds oC rays is very well 
illostrated in Fig. 20 ^ 

Some radiom is placed in the bottom of a narrow cylindrical 
lead vessel it A narrow pencil 
of rays consisting ol au fir and 
7 rays escapes firom the open- 
ing. If a strong uniform 
magnetic field is applied at 
right angles to the plane of 
the paper, and directed towards 
the paper, the three types of 
rays are separated firom one 
another. The 7 rays continue 
in a straight line without any — 

deviation. The fi rays are Fig. 30. 

deflected to the right, describ- 
ing circular orbits the radius of which varies ¥rithin wide limits. 
If the photographic plate AC is placed under the radium vessel, 
the j8 rays produce a diffuse photographic impression on the right 
of the vessel R. The a ravs are bent in the direction opposite to 
that of the fi rays and describe a portion of the arc of a circle of 
large radius, but they are rapidly absorbed after traversing a 
distance of a few centimetres firom the vessel JR. The amount 

» Thi« method of illurtration is doe to Mme Curie. Tf^e priuntie a la FacM 
de$ Scienceg de Pari$, 1903. 




of the deviation of the a rays comparccl with that i>f the >9 rays is 
much esaggfi-ated in the figure. 

67. Ionizing and penetrating power of the rays. Of 

the three kinds nf rays, the- a rays prutlncf moat of the ionization 
in the gas and the 7 rays the k-ast. With a thin layer of un- 
screened active materia! spread nn the lower of two parallel phites 
5 cms. apart, the amount of ionization due to the a, ,3, and 7 rays 
is of the relative oi-der 10,000, 100, and 1. These numbers are only 
rough approximations, and the differences become less marked 
as the thickness of the radio-active layer increases. 

The average penetrating power of the rays is shown below. In 
the first column is given the thickness of the aluminium, which 
cuts each radiation down to half its value, and in the second the 
relative power of penetration of the rays. 



Radiation 


Thickness of 

«!iioh cuts off half 
the radiation 


Relative power 
of penetratian 


ST 


0-0005 cms. 
0-05 cms. 
8 cms. 


1 

100 

10000 



The relative power of penetration is thus approximately inversely 
proportional to the relative ionization. These numbers, however, 
only indicate the order of relative penetrating power. This power 
varies considerably for the different active bodies. 

The a rays from uranium and polonium are the least pene- 
trating, and those from thorium the most. The (S radiations from 
thorium and radium are very complex, and consist of rays widely 
different in penetrating power. Some of the ^ rays from these 
substances are much less and others much more penetrating than 
those from uranium, which gives out fairly homogeneous rays. 

68. Difficultie§ of comparative meosurementB. It is 

difficult to make quantitative or even qualitative measurements of 
the relative intensity of the three types of rays from active sub- 
stances. The three general methods employed depend upon the 
action of the rays in ionizing the gas, in acting on a phot 
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alumimum or mica of 01 cms. or a sheet of ordinary writing-paper 
is sufficient to completely absorb all the a rays. With such a 
screen over the active material, tbe effects are due only to the 
/9 and ■/ rays, which pass through with a very slight absorption. 
Most of the ray.s are absorbed in 5 mma. of aluminium or 2 mms. 
of lead. The radiation passing through such screens consists very 
largely of the 7 rays. As a rough working nile it may be taken 
that a thickness of matter required to absorb any type of rays is 
invei-sely proportional to the density of the substance, i.e. the 
absorption is proportional to the density. This nile holds ap- 
proximately for light substances, tut, in heavy siibstances like 
mercury and lead, the radiations are about twice as readily absorbed 
as the density rule would lead us to expect. 



The on CATHomc Rays. 

69, DUcovery of the ^ rays. A discovery which gave 
a great impetus to the study of the radiations from active bodies 
WBS made in 1899, almost simultaneoualy in Germany, France, Mid 
Austria, when it was observed that preparations of radium gave 
out some rays deviahle by a magnetic field, and very similar in 
character to the cathode rays produced in a vacuiun tube. The 
observation of Elster and Geitel that a magnetic field altered 
tbe conductivity produced in air by radium rays, led Gieael' to 
examine the effect of a magnetic field on the radiations. In his 
experiments, the radio-active preparation was placed in a small 
vessel between the poles of an electromagnet. The vessel was 
arranged to give a pencil of rays which was approximately per- 
pendicular to the field. The rays caused a small fluorescent patch 
on the screen. On exciting the electromagnet, the fluorescent 
zone was obsei-ved to broaden out on one side. On reversing the 
field, the extension of the zone was in the opposite direction. The 
deviation of the rays thus indicated was in the same direction and 
of the same order of magnitude as that for cathode rays. 

S. Meyer and Schweidler- also obtained similar results. They 
I Wied. Annal. 69, p. 831, 1890, = I'hys. Zeil. I, pp, 90, 113, 1899. 
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showed, in addition, the deviation of the rays when a change 
occurred in the conductivity of the air under the influence of 
a magnetic field. Becquerel*, a little later, showed the magnetic 
deflection of the radium rays by using the photographic method. 
P. Curie^ by the electrical method, showed furthermore that the 
rays from radium consisted of two kinds, one apparently non- 
deviable and easily absorbed (now kno¥m as the a rays), and the 
other penetrating and deviable by a magnetic field (now known 
as the fi rays). The ionization effect due to the /3 T3,ys was 
only a small fraction of that due to the a rays. At a later date 
Becquerel, by the photographic method, showed that uranium gave 
out some deflectable rays. It had been shown previously' that the 
rays from uranium consisted of a and fi rays. The deflected rays 
in BecquereFs experiment consisted entirely of fi rays, as the 
a rays from uranium produce no appreciable photographic action. 
Rutherford and Grie^^ using the electric method, showed that 
compounds of thorium, like those of uranium, gave out beside 
a rays some penetrating fi rays, deviable in a magnetic field. As 
in the case of radium, the ionization due to the a rays of uranium 
and thorium is large compared with that due to the fi rays. 

70. Examination of the ma^^etic deviation by the 
photographic method. Becquerel has made a very complete 
study, by the photographic method, of the fi rajTS from radium, 
and has shown that they behave in all respects like cathode rays, 
which are known to be negatively charged particles moving with 
a high velocity. J. J. Thomson (Recent Researches, p. 136) has 
obtained the equation for the path of a charged particle moving 
in a uniform magnetic field. If a particle of mass m and charge 
e is projected with a velocity F, at an angle a with the direction of 
a field of strength H, it will describe a curved path, whose radius 
R of curvature is given by 

T> ^^ • 
K = -Yr- sma. 

He 

The path of the particle is a helix wound on a cylinder of radius R 
with the axis parallel to the field. 

1 C. R, 129, pp. 997, 1205. 1899. ^ c, R, 130, p. 73, 1900. 

' Rutherford, Phil. Mag. January, 1899. * PMl, Mag, September, 1908. 



When a= ^, i.e. when the rays are projected normally to the 
Ifield, the particles describe circles of radius 

"he planes of these circles are normal to the field. Thus for 
, particular velocity V the value of R varies inversely as the 
strength of the field. In a uniform field the rays projected nor- 
mally to the field describe circles, and their direction of projection 
is a tangent at the origin. 

This has been verified experimentally by Beequerel for the 
j9 rays of radium, by an arrangement similar to that shown in 
Fig. 21. 

A, 

— j'V' '"^ , 



"*./■ 



Fig. 21. 



A photographic plate P, with the film downwards, is enveloped 
in black paper and placed horizontally in the uniform horizontal 
magnetic field of an electromagnet. The magnetic field is sup- 
posed to be imiform and, in the figure, is at right angles to the 
plane of the paper. The plate was covered with a sheet of lead, 
and on the edge of the plate, in the centre of the magnetic field 
is placed a small lead vessel R containing the radio-active matter. 

On exciting the magnet, so that the rays are bent to the left 
of the figure, it is observed that a photographic impression is pro- 
duced directly below the source of the rays, which have been bent 
round by the magnetic field. The active matter sends out rays 
equally in all directions. The rays perpendicular to the field 
describe circles, which strike the plate immediately under the 
source. A few of these rays, Aj, A^, A,, are shown in the figure. 
The rays, normal to the plate, strike the plate almost normally. 



>*r sjxTr^z jf the aAOiATio3n "3, 

vnil«> *he rays .ir-Ary oarailei to Tfatr aiaxe -^ciike die piace ir 
n*-arly zrazxng mcirtiF-ncfr, Tlie ::aya, inclined to ifae -iirecnDn ir 
•:h»r netfi. ie?»rr/t>- ^pirab^ uifi nmdnce -^^fees» mr an axis- paiailti 
*M "h^ netfi oa««m4j 'hrriiigh -he -source. In 'iionaecpieiice jf -ins 
*ny inariue -wrffen piarfrfi Ji The path >f rhe rays has its ^iiaduw 
•:hiviTV7i near "hfr -<icf«r »f The T)hoti tgraDmc oiate. 



TL Complgiity of tlie layiL The *ieviabie Eav» oddi 
rruUnm are "lompiex. '.^. 'hey ;ire '!onip«H9ed -if a 4iprfr r of parcicLK 
or .jeered -vith a -ririe i^nge jt Teirjcity. In a inac[neiiic &id everr 
ra\' 'iescrihes a parh. jt Trhich The radius of cttrvamre is directiv 
pr »porT;ionai Ti^ THe renjoity -jI projection. The conrplemrr t 
rhe raiiiarion ha« been r^^ry lieariy shown by Becqne^ei- in me 
fi,!. owing" "vay. 

An incover^rfi phoOygraphic piace. wizii uhe ftlm ap w apj s. was 
pia/^ed honzi'iHTaily in The hrjrizi.-ntai 'iniform magnetic tield 'jt 
an elect ro-magnei:. A ^niali, vpen. lead box, containinjsr die 
rariio-active matter, "^a^s placed in tJie centre of the field, on 
thK photographic plate. The light, due &> the phiDspiiorescenc^ 
of ♦'he rarii«-j-active matter. Theretore. ct>rdd not reach the plate. 
Th»; whole apparatiw "^^'a.^* placed in a «iark r»nL The impression 
on The piate takes the form of a large, diffose, but ciDntinuous 
hand, eiiipTic in ^.hape. pr'jd^iced '"^n '.'ne side of the plate. 

Huch an irnpreftfli-jn i.-^ to be expected if the rays are sent our 
in all direction.-., even if their veLxrities of projection are the same, 
for it ''^an r^jariily be ^hown thei^retically, that the path of the ravs 
i.H confined within an ellipee whose minor axis, which is at right 
firri'/U'M t/f the field, i.s e-qual to 2R, and whose major axis is equal 
f/f ttH. If, however, the active matter is placed in the bottom of a 
d''p \f/rif\ cylinder of small diameter, the rays have practically all 
th' '^fiutf direction of projection, and in that case each part of the 
pl/ify, i^ fi/X(:(\ on by rays of a definite curvature. 

fn thin c^fiM; ai.s^i, a diffu.se impression is observed on the plate, 
;/iviri^, H^f U> .H[K;ak, a continuous spectrum of the rays and showing 
thill t\u'. nuliation in composed of rays of widely diflferent curvatures. 
Ki^. 22 nhowH a phot/igraph of this kind, obtained by Becquerel, 
witfi Ktrifw of pajM'T, aluminium, and platinum placed on the plate. 

« a. n. 1»0, pp. 206, 372, 810, 979. 1900. 



If screeiiH of various thickness are placed on the plate, it ia 
observed that the plnt-^' ts \y<i nppreciably affected within a certain 




Fig. 22. 
distance from the active matter, and that this distance increases 
with the thickness of the screen. This distance ia obviously equal 
to twice the radius of curvature of the path of the rays, which are 
just able to produce an impi-ession through the screen. 

These experiments show very clearly that the most deviable 
rays are the most readily absorbed by matter. By observations of 
this kind Becquerel has determined approximately the inferior 
limit of the value of HM for raya which are transmitted through 
different thicknesses of matter. 

The results are given in the table below : 



Snbslance 


Thiokneu 


Inferior limit 
of HR for 


Black paper ... 


0-065 


650 


Aluminium ... 


0-010 


350 




0-100 


1000 




0-200 


1480 


Mica 


U-Oib 




aiass 


0'156 




Platinum 


0-O30 


1310 


ST'... ::: 


0-085 
0-130 


1740 
2610 



If — is a constant for all the ra.ys, the value of RR is propor- 
tional to the velocity of the rays, and it follows from the table that 
the velocity of the rays which just produce an effect on the plate 
through '13 mms. of lead is about 7 times that of the rays which. 
1—1 
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The « ravs are cut 

^ff ',v '\Mtrt^ A \^]7^r 'A Jili^rr.ini^im 01 -im. rfiick over the active 
<i .\*i t,AS Wh^Ti ^\\^: Uv=;r of ;icti'7r ruAtter is not inc«ie than a few 

,i t<,''^.rf'-< ^hi^'-k, th^; ionization due to the 7 rays is small com- 

/^,r^/| x/tf-h ^hji^, yrfAn('M<\ Va' the 3 ray^^- and may be neglected 
hit ^1,' itffffltffiUon of H, magnetic field at right angles to the mean 



B^rection of the rays, the ionization in the testing vessel due to 

■the raya steadily decreases as the strength of the field increases, 
Rmd in a strong field it is reduced to a very small fraction of its 
fcjriginal value. In this case the rays are bent so that none of 
Kthem enter the testing vessel. 

Examined in this way it has been found that the ff rays of 
uranium, thorium, and radium consist entirely of rays readily 
deflected by a magnetic field. The rays trom polonium consist 
entirely of a rays, the deviation of which can be detected only in 
very intense magnetic fields. 

When the screen covering the active material is removed, in 
a strong magnetic field, the ionization in the vessel is mainly due 
to the a raya. On account of the slight deviation of the a rays 
under ordinary experimental conditions, a still greater increase of 
the magnetic field does not appreciably alter the current due to 
them in the testing vessel. 

The action of a magnetic field on a very active substance like 
radium is easily shown by the electrical method, as the ionization 
cuiTent due to the deviable rays is large. With substances of 
small activity like uranium and thorium, the ionization current 
due to the deviable rays is very small, and a sensitive electrometer 
or an electroscope is required to determine the variation, in a 
magnetic field, of the very small current involved. This is 
especially the case ior thorium oxide, which gives out only about 
1/ 5 of the amount of deviable rays that the same weight of uranium 
oxide gives. 

73. EzperimeatB witb a fluorescent screen. The 
rays from a few milligrams of pure radium bromide produce 
intense fluorescence in barium platino-cyanide and other substances 
which can be made luminous under the influence of the cathode 
rays. Using a centigram of radium bromide, the luminosity on 
a screen, placed upon it, is bright enough to be observed in 
daylight. With the aid of such a screen in a dark room many 
I of the properties of the & rays may be simply illustrated and their 
uplex nature clearly shown. A small quantity of radium is 
placed in the bottom of a short, narrow, lead tube open at one end. 
"his is placed between the pole pieces of an electro- magnet, and 
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the screen placed below it. With no magnetic field, a fiunt 
Inminotsdty of the screen is obserred due to the veiy penetrating 
7 rays which readily pass through the lead. When the magnetic 
field is put on, the screen is brightly lighted up on one side over 
an area elliptical in shape (section 71). The direction of deviation 
is reversed by reversal of the field. The broad extent of the 
illumination shows the complex nature of the )3 ray& On placing 
a metalUc object at various points above the screen, the trajectory 
of the rays can readily be traced by noticing the position of the 
shadow cast upon the screen. By observing the density of the 
shadow, it can readily be seen that the rays most easily deviated 
are the least penetrating. 

Comparison of the /3 rays with caihode rays, 

74. Means of comparison. In order to prove the identity 
of the fi rays from active bodies with the cathode rays produced 
in a vacuum tube, it is necessary to show 

(1) That the rays carry with them a negative charge ; 

(2) That they are deviated by an electric as well as by a 
magnetic field ; 

(3) That the ratio e/m is the same as for the cathode rays. 

Electric charge carried by the /3 rays. The experiments 
of Perrin and J. J. Thomson have shown that the cathode rays 
carry with them a negative charge. In addition, Lenard has shown 
that the rays still carry with them a charge after traversing thin 
layers of matter. When the rays are absorbed, they give up their 
charge to the body which absorbs them. The total amount of 
charge carried by the /3 rays from even a very active preparation 
of radium is, in general, small compared with that carried by the 
whole of the cathode rays in a vacuum tube, and can be detected 
only by very delicate methods. 

Suppose that a layer of very active radium is spread on a metal 
plate connected to earth, and that the fi rays are absorbed by a 
parallel plate connected with an electrometer. If the rays are 
negatively charged, the top plate should receive a negative charge 
increasing with the time. On account, however, of the great 



EoniBation produced by the rays between the plates, any charge 

Igiven to one of them ia almost instantly dissipated. In many 

the plate does become charged to a definite positive or 

I negative potential depending on the metal, but this is due to the 

f contact difference of potential between the plates, and would be 

produced whether the rays were charged or not. The ionization of 

the gas is greatly diminished by placing over the active material a 

metal screen which absorbs the a rays, but allows the ^ rays to 

pass through with little absorption. 

The rapid loss uf any charge communicated to the top plate 
can be very much reduced, either by diminishing the pressure 
of the gas surrounding it or by enclosing the plate with suitable 
insulators. In their experiments to determine the amount of 
charge carried by the radium rays, M. and Mme Curie' used 
the second method. 

A metal disc MM (Fig. 24) is connected with an electrometer 
by the wire T. The disc and wire are completely surrounded by 
insulating matter ii. The whole is surrounded by a metal envelope 
EEEE connected with earth. On the lower side of the disc, the 
insulator and the metallic covering are very thin. This side is 
exposed to the rays of the radium R placed in a depression in 
a lead plate A A. 



Fig. 24. 



V The rays of the radium pass through the metal cover and 
insulator with little absorption, but they are completely absorbed 
by the disc MM. It was observed that the disc received a negative 
charge which increased uniformly with the time, showing that the 
'6 carry with them a negative charge, The current observed 
B very small. With an active preparation of radium', forming a 

» C. R. 130, p. 847, 1900. 

' The activity of the radium preparation wan not stated in the paper. 
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.XKTf^ '2;% ^ Tint Ji wRSk ml 1 JiziiaL ^tnck. * ^uihth 'if liie >j!iKr 

-if arlnmiTiiriTn ^I Tim, Ttnck md k Law? ir -■inyi i uj^ ~^ mm ixnck. 
Th«> Tnrrpnr ^sm 'iur iMOcr ^rnti mtst tt joa, ^xtqatxi and zme: jui 

'h»t: 'he r^finm :ntfr:f Kanupa k ><cftLiL\e ^rrary This in 1 1 ■■iini 
rViilow» :f •^i*»' r?wr«» Tarry ^irtii ■JLeOL i^ aeasre <3iaiE^e^ E ine 

o^rffff^tty :nj>nbk&*fi. uih ^fmrnnmied by a ruiiL-^aaiiitiicdii^ nmeffimn. 
rontrl :n rhfr ^tnr¥^ >f mne '>r zaiaed x» Jt high. piMscrvc: poceaniaL 
'^inrp' hove'c»n' rht* % :tw^ Tarry ^rm ihiaiL a. diaxz& oppoisfi^ in 
-nsm *:o "he ^ rsir^. The :t«:li> if "iie Tnacgjer "arrieil rf bv riie ^twtk 
^vr^^ >t' :n^r^ Tnwr "Vr t»rr«;r!iiiiietL i^ie- ir asL be ^ecsieffi wbedier 
"h^ .rvtinm ^-^nirt icriiiir«^ i p^'Sinv^i^ >r i !]£g9C£yi& cfaairae^ Id 
^yrt^^r-^T 'hfit rariinm if* ^\acitti zd, m inaoIaGed mecaL ^lesBei oi \k 
^(\M*kt\fi'fm ^itficienc "ii ihsDrn ii 'aut x ravi bai noc uoo diick » 
'♦!lr>»r mn«t ')f rhe i ray* t** -iacape. liie vea^l will aeqnize a 

An ,nr#>r'=y?t:iTig' -^xp^frimetirai r<isiilt: beoriii^ upoiL this poiicE 

"^i;*/^/./^, ;n ^ ^*=^t»^* JflA^ Trtr>r uui l^rC: ibr sevieral nbxiriiSL Oa 
%ry^r,;r.5r *'n«^ *:iiiv^ -vi-h % nle. i br^jiT -rlecTiric ^pork was observed 
^r "r,*i rr»«',ri'.*^nt vf n-Ji^rriire. ^Luwin^ diac rfii»e was a buge diflfer- 
-r>/v», %r^ ry-**:/^ntjiii hp^twrren t:he inside of ie imbe azid the earth. 

fr, 'r.*s» 'vwv^ *h«=; ^ rava were abe«jrfaed in die walk of the tabe, 
v-,r ^ ,;*r;f^, pT'^x/^novi A *he 3 rays esc^»ed. The in^de of the 
"■/f^, *.r. ,3? fj^/'^txcK '^h;^r3r■^, in the c»jiirse of time, to a high positiye 
f/^V'Trtv^fcf , * ^•'/•^j H*>ite w.-jiild be reacheii when the rate of escape 
^f u^'///%K\'fH ^M-z-^^r/^^'j x^as briUnced by the leakage of poatiTe elec- 
^ri^rin/ thrv^yh *h^ fr^\\?\ of the tube. The external sor&ce of the 
;(fl;w^ tffir^\<\ 'r^. ;%I'»r;5^y^ practically at zer»> potential, cm account of 
*h^-, »oT»i/ati''/Ti ^f th^j i^ir around it. 

HtTritt* h^A r^/;^jritly r)f;8cribed a simple experiment to illus- 
f.r;»f/j iitiH rriOT^; cl^^arlj" that a radium preparation acqoires a 
f/Attivf. nhf%r^f'., if it i.H encl^/sed in an envelope thick enough to 

' /%*, ;fWf. 4, No. 18, p. 507, 1903. 
* PhiL Mag. Nor. 1903. 



SATCRE OF THE HJ 

absorb all the a particles, but thin enough to allow most of the 
3 ]>articles to escape. A sealed tube, oont^inrng the radium, w-as 
attached at one end to a pair of thin gold leaves in met.allic 
ionnection with the radium, and was insulated inside a lai^r 
tube by means of a quartz rod. The air in the outer tube was 
txhausted as completely as possible by means of a mercury pump, 
n order to reduce as much as possible the ionization in the gas. 
aid consequently the loss of any chaise gained by the gold leaves. 
iiter an interval of 20 hours, the gold leaves were observed to 
Uveige to their full extent, indicating that they had acquired 
i large positive charge. In this experiment Strutt used ^ gram 
if radiferous barium of activity only 100 times that of uranium. 
[t can readily be calculated that 10 milligrams of pure radium 
)roniide would have caused an equal divei^ence of the leaves 
a few minutes. 

A determination of the amount of the charge carried off by the 
ays of radium has been made recently by Wien'. A small quantity 
>f radium, placed in a sealed platinum vessel, was hung by an 
laulating thread inside a glass cylinder which was exhausted to 
i low pressure. A connection between the platinum vessel and an 
llectrode sealed on the estemal gtas.s cylinder could be made, when 
equired, by tilting the tube. Wien found that in a goixl vacuum 
he platinum vessel became charged to about 100 volts. The rate 
f escape of negative electricity from the platinum vessel containing 
i milligrams of radium broipide corresponded to 2"91 x 10~" am- 
peres. If the charge on each particle is taken as Tl x 10"" electro- 
nagnetic units, this corresponds to an escape of 266 x 10' particles 
From 1 gram of radium bromide the coiresponding 
Lumber would be 6"6 x IC per second. Since some of the /S rays 
i absorbed in their passage through the walls of the containing 
ressel, the actual number projected per second from I gram of 
radium bromide must be greater than the above value. 

76. Determination of elm. J. J. Thomson has shown that 
in their passage between the plates of a condenser the cathode 
! deflected towards the positive plate. Shortly after tlie 
i magnetic deviation of the rays fr<im racttuin, 
1 Phgii. Zelr. i. No. 29, p. 824, i90S. 
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Dom^ and Becqaerel* ^owed that they also w^e deflected br an 
electrostatic field. 

By observing the amount of the electrostatic and magnetic 
deviation, Becqnerel was able to deteimnie the ratio of e/m and 
the velocity of the projected particles. Two rectangular co{^)» 
plates, 3*45 cms. hi^ and 1 cm. apart, were placed in a Tertiod 
plane and insulated on paraffin blocks. One plate was charged to 
a high potential by means of an inflnence machine, and the other 
was connected to earth. The actiye matter was jdaced in a narrow 
groove cut in a lead plate parallel to the copper plates and placed 
midway between them. The photographic |date, ^lyeloped in 
black paper, was placed horizontally above the plate containing* 
the active substance. The large and diffuse pencil of rays thus 
obtained was deflected by the electric field, bnt the deviation 
amounted to only a few millimetres and was difficult to measure. 
The method finally adopted was to place vertically aboye the 
active matter a thin acre^i of mica, which cut the field into two 
equal parts. Thus, in the absence of an electric field, a narrow 
rectangular shadow was produced on the plate. 

When the electric field was applied, the rays were deflected and 
a part of the pencil of rays was stopped by the mica screen. A 
shadow was thus cast on the plate which showed the direction of 
deviation and corresponded to the least deviable rays which gave 
an impression through the black paper. 

If a particle of mass w, charge e, and velocity v, is projected 
normally to an electric field of strength X, the acceleration a is in 
the direction of the field, and is given by 

Xe 
a= — . 
m 

Since the particle moves with a constant acceleration parallel to 
the field, the path of the particle is the same as that of a body 
projected horizontally fi'om a height with a constant velocity and 
acted on by gravity. The path of the particle is thus a parabola, 
whose axis is parallel to the field and whose apex is at the point 
where the particle enters the electric field. The linear deviation 

» C. R. 130, p. 1129, 1900. » C. E. 130, p. 809, 1900. 
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di of the ray parallel to the field after traversing a distance I is 
given by 

On leaving the electric field, the particle travels in the direction of 
the tangent to the path at that point. If is the angular deviation 
of the path at that point 

tan^= — 1. 

The photographic plate was a distance h above the extremity of 
the field. Thus the particles struck the plate at a distance dtg fi'om 
the original path given by 

d^^h tan 6 -\-di 
= ^(i/2+A). 

In the experimental arrangement the values were 

da = '4 cms. ; 
X=±r02xlO^^ 

I = 345 cnls. ; 

A = l'2cmSi 

K the radius R of curvature of the path of the same rays is ob- 
served in a magnetic field of strength H perpendicular to the rays, 

e ^ V 
m HR* 

Combining these two equations we get 



V = 



S , R ,d<i 



A difficulty arose in identifying the radiations for which the 
electric and magnetic deviations were determined. Becquerel 
estimated that the value of HR for the rays defl^Plfd by the 
electric field was about 1600 c.G.s. units. Thus 

t; = 1*6 X 10*® cms. per second, 

and - = 10^ 

m 
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Th^^ fe/:r t^iAt rviirirn nhroTra off el^ifrtP'jiis with rates of speed 
y^hry^f.'/^ ff/ro 1 ^ v^ 9 10 the vekjciry of light has been utilised by 
Ka .frr^Afifi' V; ezAffjine whether the ratio ^ m of the electrons 
/;»r»^*. //i^h the ^r^-j^fL It ha.s been shown by J. J. ThomsoD^ 



' /'////*, Z^it, I, So, 1 b. p. 54, 1902. 



* Pfc//. Ifa^. April, 1881. 



Heavieide', and Searle* that, according to the electromagnetic 
theory, a charge of electricity in motion behaves as if it had 
apparent mass. For small speeds this additional electrical mass 

is equal to ^ — where a is the radius of the body, but it increases 

rapidly as the speed of light is approached. It is very im- 
portant to settle whether the mass of the electron is due partly 
to mechanical and partly to electrical mass, or whether it can be 
explained by virtue of electricity in motion independent of the 
usual conception of mass. 

Slightly different formulae expressing the variation of mass 
with speed have been developed by J. J. Thomson, Heaviside, 
and Searle. To interpret his results Kaufmaim used a formula 
developed by M. Abraham*. 

Let 7110= mass of electron for slow speeds; 

m = apparent mass of electron at any speed ; 
u = velocity of electron ; 
V = velocity of light. 

Then it can be shown that 

5-.3/4^(«) (1). 



(2)- 



The experimental method employed to determine c/m and u is 
similar to the method of crossed spectra. Some strongly active 
radium was placed at the bottom of a brass box. The rays from 
this passed between two brass plates insulated and about 1-2 mm. 
apart. These rays fell on a platinum diaphragm, in which was 
a small tube about 0:2 mm. in diameter, which allowed a narrow 
bundle of rays to pass. The rays fell on a photographic plate 
enveloped in a thin layer of alunoimum. 

In the experiments the diaphragm was about 2 cms. from the 
L active material and the same distance from the photographic plate. 
' Collected Paperi, Vol. 2. p. 614, '' Fhil. Man. October. 1 

» Phyt. Zeit. 4, No. 1 b, p. 57, 1003. 



For the cathode rays S. Simon' obtained a value of e/m of ' 
86 X W for an average 8peed of about 7 x 10" cms. per second. 
In a later paper' with some very active radium, more aatis- 
ctoiy photographs were obtained which allowed of accurate 
.easurement. The given equation of the curve was found to 
■ee satisftictorily with experiment. 

The following table, deduced from the results given by 
.ufmairn, shows the agreemenfc between the theoretical and 
sperimental values, u being the velocity of the electron and V 
lat of light. 
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■75S 
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1^47 


+ 0^5 „ 
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1-545 


+ 0'5 „ 
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i-eb 


n 


■883 


173 


+2^8 „ 


■933 


2-05 


-7-8 „ ? 


■949 


2-145 


-1'2„ 


■863 


2-43 


+0-4 „ 



The average percentage error between the observed and calcu- 
ited value is thiia not much more than one per cent. It is 
fc remarkable how nearly the velocity of the electron has to approach 
the velocity of light before the value of — becomes large. This 
ia shown in the following table which gives the calculated values 
of — for different velocities of the electron. 



Value of -=, small 



Thus for velocities varying from to 1/10 the velocity of light, 



' Wied. Aniial. p. 589, 1899. 

" Phyi. Ze!l, 4, No. 1 b, p. 51, 1902. 
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the mass of the electron is practically constant. The increase of 
mass becomes appreciable at about half the velocity of light, and 
increases steadily as the velocity of light is approached. Theo- 
retically the mass becomes infinite at the velocity of light, but 
even when the velocity of the electron only differs from that of 
light by one part in a million, its mass is only 10 times the value 
for slow speeds. 

The above results are therefore in agreement with the view 
that the mass of the electron is altogether electrical in origin and 
can be explained purely by electricity in motion. The value of 
e/mo, for slow speeds, deduced from the results was 1*84 x 10', 
which is in very close agreement with the value obtained by 
Simon for the cathode rays, viz. 1*86 x 10^ 

If the electricity carried by the electron is supposed to be 

distributed uniformly over a sphere of radius a, for speeds slow 

2 6* 
compared with the velocity of light, the apparent mass mo = - -. 



3 a 



Therefore c^ = o — • ^' 

3 mo 



Taking the value of e as 1*13 x 10"^, a is 1-4 x lO"" cms. 
Thus the diameter of an electron is minute compared with the 
diameter of an atom, 

77. Absorption of the ^ rays by matter. The absorption 
of the /S rays by matter can readily be investigated by noting the 
variation of the ionization current in a testing vessel when the 
active matter is covered by screens differing in material and thick- 
ness. When the active matter is covered with aluminium foil of 
thickness *! mm., the current in a testing vessel such as is shown 
in Fig. 16, is due almost entirely to the ^ rays. If a uranium 
compound is used, it isfojmd that the saturation current decreases 
with the thickness of matter traversed very nearly according to an 
exponential law. Taking the saturation current as a measure of 
the intensity of the rays, the intensity / after passing through a 
thickness d of matter is given by 

I ^ ' 

■'■0 

where X is the constant of absorption of the rays in unit thickness 



of matter, and 7^ ia the initial intensity. For uranium rays the 
current ia reduced to half its value after passing through about 
'5 mm. of aluminium. 

If a compound of thorium or radium is examined in the same 
way, it 18 found that the current does not decrease regularly 
according to the above equation. Results of this kind for radium 
rays have been given hy Meyer and Schweidler'. The amount of 
absorption of the rays by a certain thickness of matter decreases 
with the thickness traversed. This is exactly opposite to what is 
observed for the a rays. This variation in the absorption is due to 
the fact that the y9 rays are made up of raya which vary greatly in 
penetrating power. The rays from uranium are fairly homogeneous 
in character, i.e. they consist of rays projected with about the same 
velocity. The rays from radium and thorium ore complex, i.e. they 
consist of rays projected with a wide range of velocity and con- 
sequently with a wide range of penetrating power. The electrical 
examination of the deviable rays thus leads to the same results as 
their examination by the photographic method. 

Results on the absorption of cathode rays have been given by 
Lenard", who has shown that the absorption of cathode rays i* 
nearly proportional to the density of the absorbing matter, and is 
independent of its chemical state. If the deviable rays from active 
bodies are similar to cathode rays, a similar law of absorption is to 
be expected. Strutt^, working with radium rays, has determined 
the law of absorption and has tbuad it roughly proportional to the 
density of matter over a range of densities varying from 0'041 for 
sulphur dioxide to 21'5 for platinum. In the case of mica and 
cardboard, the values of \ divided by the density were S'dA and 
3-84 respectively, while the value for platinum was 7*34. In order 
to deduce the absorption coefficient, he assumed that the radiation 
fell off according to an exponential law with the distance traversed. 
As the rays from radium are complex, we have seen that this is 
only approximately the case. 

78. Since the rays from uranium are fairly homogeneous, 
and are at the same time penetrating in character, they are more 
' Phyi. Zeit. pp. SO, 113, 209, 1900. 
" Wild. Amuil. 56, p. 275, 1895. 
' NatvTe. p. 539, IftOO, 
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9. Variation of the amount of radiation nrith the 
I thickness of tbe layer of radiating material. The radiatioos 
are sent out equally from all portions of the active mass, but the 
ionization of the gas which is measured is due only to the radiations 
which escape into the air. The depth from which the radiations 
can reach the surfece depends on the absorption of the radiation 
by the active matter itself. 

Let X be the absorption constant of the homogeneous radiation 
by the active material. It can readily be shown that the intensity 
I of the rays issuing from a layer of active matter, of thickness x, 
is given by 



■^0 



= 1- 



where /„ is the intensity at the surfece due to a very thick layer. 

This equation has been confirmed esperi mentally by observing 
the current due to the ^ tajs for different thicknesses of uranium 
oxide. In this case / = ^ /, for a thickness of oside corresponding 
to -11 gr. per sq. cm. This gives a value of X divided by density of 
6'3. This is a value slightly greater than that observed for the 
absorption of the same rays in aluminium. Such a result shows 
clearly that the substance which gives rise to the ^ rays does not 
absorb them to a much greater extent than does ordinary matter 
of the same density. 

The value of X will vary, not only for the different active 
substances, but also for the different compounds of the same 
substance. 



PART III. 
The a Eats. 

The a rays. The magnetic deviation of the rays was 

Pdiecovered towards the end of 1899, at a comparatively early stage 

nSn the history of radio-activity, but it was not until three years later 

L that the true character of the a rays was disclosed. It was natural 

(hat great prominence should have been given in the early stages 

f the subject to the /3 rays, on account of their great penetrating 



H The wnter was led independentlj' to the same view by a mass 
pof indirect evidence which received an explanation only on the 
hypothesis that the rays consisted of matter projected with great 
velocity. Preliminary experiments with radium of actirity 1000 
showed that it was verj- difficult to determine the magnetic devia- 
tion of the a rays. \Vlien the rays were passed through slits 
sufficiently narrow to enable a minute deviation of the rays to be 
detected, the ionizing effect of the issuing rays was too small to 
measure with certainty. It was not until radium of activity 19,000 
was obtained that it was possible to detect the deviation of these 
rays in an intense magnetic field. How small the magnetic devia- 
tion is may be judged fi-om the fact that the o rays, projected at 
right angles to a magnetic field of 10,000 c.G.s, units, describe the 
arc of a circle of about 39 cms. radius, while under the same con- 
ditions the cathode rays produced in a vacuum tube would describe 
a circle of about 01 cm. radius. It is therefore not surprising 
that the a rays were for some time thought t<i be non-deviable in 
a magnetic field. 

82- Magnetic deviation of the a rays. The general 
method employed' to detect the magnetic deviation of the a rays 
was to allow the rays to pass through narrow slits and to observe 
■whether the rate of discharge of an electroscope, due to the issuing 
rays, was altered by the application of a strong magnetic field. 
Fig. 25 shows the genera! arrangement of the experiment. The 
rays fi»m a thin layer of radium of activity 19,000 passed upwards 
. through a number of narrow slits G, in parallel, and then through 
a thin layer of aluminium foil, -00034 cm. thick, into the testing 
vessel V. The ionization produced by the rays in the testing 
vessel was measured by the rate of movement of the leaves of a 
gold-leaf electroscope B. The gold-leaf system was insulated inside 
the vessel by a sulphur bead C, and could be charged by means of 
a movable wire i>, which was afterwards earthed. The rate of 
movement of the gold-leaf was observed through small mica 
v/indows in the testing vessel by means of a microscope provided 
with a micrometer eye-piece. 

In order to increase the ionization in the testing vessel, the 
I Rutherford, Phil. Mag. Feb. 1903. Ph,j». Zdt. 4, p. 23-^, 1902. i 



instead of air greatly simplifies the experiment, for it increases the 
ionization current due to the a rays in the testing vessel, and at 
the same time greatly diminishes that due to the ff and 7 raye. 
This ia caused by the fact that the a rays are much more readily 
absorhed in air than in hydrogen, while the rate of production of 
ions due to the j9 and 7 rays is much leas in hydrogen than in air. 
The intensity of the a rays after passing between the plates is 
consequently greater when hydrogen is used; and since the rays 
pass through a sufficient distance of hydrogen in the testing vessel 
to be largely absorbed, the total annount of ionization produced by 
them is greater with hydrogen than with air. 

The following is an example of an observation on the magnetic 
deviation : — 

Pole-pieces 1"90 x 2'50 cms. 

Strength of field between pole-pieces 8370 units. 

Apparatus of 25 parallel plates of length 3'70 cms., width 
■70 cm., with an average air-space between plates of 
■042 cm. 

Distance of radium below plates l'4cm, 

K&te of diBcharge 
of (•loutroBcope iu 

(1) Without m^netic field 8-33 

(2) With magnetic field 172 

(3) liadium covered witli thin layer of mica to 

abMorb all a raya ... ... ... ... 0'93 

(4) Radium covered with mioa and magnetic field 

applied 0'92 

The mica plate, '01 cm. thick, was of sufficient thickness to 
completely absorb all the a rays, bnt allowed the ^ rays and 7 rays 
to pass through without appreciable absorption. The difference 
between (1) and (3), 7'40 volts per minute, gives the rate of dis- 
charge due to the a rays alone ; the difference between (2) and (3), 
0'79 volts per minute, that due to the a rays not deviated by the 
magnetic field employed. 

The amount of a rays not deviated by the field is thus about 
■ 11 "/„ of the total. The small difference between (3) and (4) 
measures the small ionization due to the ff rays, for they would 



120 irATTBE or the rauatioss [ch. 

be completelj deTiated by the magnetic fiekL (4) omnprises the 
effect of the 7 ravs together with the natural leak of the electro- 
scope in hvdrogeiL 

In this experiment there was a good deal of stray magnetic 
field acting on the rays before they reached the pole-pieces. The 
diminuticm of the rate of discharge dne to the a rays was foond to 
be proportioned to the strength of field between the pole-pieces. 
With a more powerful magnetic field, the whole of the a rays were 
deviated, showing that they consisted entirely of projected charged 
particles. 

In order to determine the direction of deviation of the rays, 
the rays were passed throngh slits one mm. in width, each of which 
was half covered with a brass strip. The diminution of the rate of 
discharge in the testing vessel for a given magnetic field in such a 
case depends upon the dirMion of the field. In this way it was 
found that the rays were deviated in the opposite sense to the 
cathode rays. Since the latter consist of negatively charged 
particles, the a rays must consist of positively charged particles. 

These results we^ soon after confirmed by BecquereP, by the 
photographic method, which is very well adapted to determine the 
character of the path of the rays acted on by a magnetic field. 
The radium was placed in a linear groove cut in a small block of 
lead. Above this source, at a distance of about 1 centimetre, was 
placed a metallic screen, formed of two plates, leaving between them 
a narrow opening paralled to the groove. Above this was placed 
the photographic plate. The whole apparatus was placed in a 
strong magnetic field parallel to the groove. The strength of the 
magnetic field was sufficient to reflect the ^ rays completely away 
from the plate. When the plate was parallel to the opening, 
there was produced on it an impression, due to the a rays alone, 
which became more and more diffuse as the distance fi"om the 
opening increased. This distance should not exceed 1 or 2 centi- 
metres on accoimt of the absorption of the rays in air. If, during 
the exposure, the magnetic field is reversed for equal lengths of 
time, on developing the plate two images of the a rays are 
observed which are deflected in opposite directions. This devia- 
tion, even in a strong field, is small though quite appreciable and 

1 C. R. 136, p. 199, 1903. 



is opposite in sense to the deviation observed for the & or cathodic 
rays from the same material. 

M. Becquerel', by the same method, found that the a rays from 
poloniura were deviated in the same direction aa the a rays from 
radium ; and thus that they also consist of projected positive bodies. 
In both cases, the photographic impressions were sharply marked 
and did not show the same diffusion which always appears in 
photographs of the ^ raj's. 

83. Klectrostatic deviation of the a rays. If the rays 
are charged botiies, they should be deflected in passing through a 
strong electric field. This was tbund by the writer to be the case, 
but the electric deviation is still more difficult to detect than the 
magnetic deviation, as the intensity of the electric field must of 
necessity be less than that required to produce a spark in the 
presence of radium. The apparatus was similar to that employed 
for the magnetic deviation (Fig. 25) with this exception, that the 
brass sides which held the plates in position, were replaced by 
ebonite. Alternate plates were connected together and charged 
to a high potential by means of a battery of small accumulators. 
The discharge in the electroscope, due to the a rays, was found to 
be diminished by application of the electric field. With plates 
•055 cm. apart and 4-5 cms. high, the diminution was only 7 °j^ 
■with a p. D. of 600 volts between the slits. With a special arrange- 
ment of plates, with slits only '01 cm. apart, the discharge was 
diminished about 45 "j^ with an electric Held corresponding to 
10,000 volts per cm. 

84. Determination of the constants of the rays. If the 
deviation of the rays in both an electric and magnetic field is 
knovfn, the values of the velocity of the rays, and the ratio e/wi of 
the charge of the particle to its mass can be determined by the 
method first used by J. J. Thomson for the cathode rays. From 
the equations of a moving charged body, the radius p of curva- 
ture of the path of the rays in a magnetic field of strength H 
perpendicular to the path of the rays is given by 
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to apply a stronger electric field without the 
He found values of the conHtanta given by 

F'=1'65 X 10° cms. per sec. 
- = 6-4 X 10^ 




These values are in veiy good agreement with the numbers found 
by the electric method. The a rays from radium are complex, and 
probably consist of a stream of positively charged bodies projected 
at velocities Ijdng between certain limits. The amount of devia- 
tion of the particles in a magnetic field will thus differ according 
to the velocity of the particle. The photographic results of 
Becquerel seem to indicate that the velocity of the rays of radium 
can vary only within fairly narrow limits, since the trajectory of 
the rays in a magnetic field is sharply marked and not nearly as 
diffuse £19 iu similar experiments with the ,3 rays. 

85. Becquerel' has examined the amount of magnetic devia- 
tion of the ct rays at different distances from the source of the rays 
in a very simple way. A narrow vertical pencil of the rays, after 
its passage through a narrow slit, fell on a photographic plate, 
which was inclined at a small angle to the vertical and had its 
lower edge perpendicular to the slit. The trajectory of the rays 
is shown by a fine line traced on the plate. If a strong magnetic 
field is applied parallel to the slit, the trajectory of the rays is 
displaced to the right or left according to the direction of the 
field. If equal times of exposure iire given for the magnetic field 
in the two directions, on developing the plate two tine diverging 
lines are found traced on the plato. The distance between these 
lines at any point is a measure of twice the average deviation 
at that point, corresponding to the value of the magnetic field. 
By measuring the distance between the trajectories at various 
points, Becquerel found that the radius of curvature of the path of 
the rays increased with the distance from the slit. The product 
Up of the strength of the field and the radius of curvature of the 
path of the rays is shown in the following table. 

> C. R. 13H, p. 1517, 1903. 
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86, MaM and energy of the a particle. It has been 
\ittui\A'A out that tho a rays from radium and polonium are 
unaioproiiH U; th<; Canal rayH of Goldstein, for both carry a positiTe 



fcarge and are difBcult to deflect by a magnetic field The experi- 
lients of Wien have shown that the velocity of projection of the 
Banal rays varies with the gas in the tube and the intensity of the 
Bectric field applied, but it is generally about 1/10 of the velocity 
K the a particle fi-om radium. The value of e/m is also variable, 
iepending upon the gas in the tube. 
I It has been shown that for the a rays of radium 
[ V= 25 X 10» and ejm = 6 x 10". 

Now the value of e/m for the hydrogen atom, liberated in the 
Hectrolyais of water, is 10*. Assuming the charge carried by the 
Kparticte to be the same as that carried by the hydrogen atom, the 
BaSB of the a particle is about twice that of the hydrogen atom. If 
Rte a particle consists of any known kind of matter, this result 
■idicates that it consists either of projected helium or hydrogen, 
further evidence on this important question is given in section 202. 
F The a. rays fi'om all the radio-active substances and their 
jffoducts, such as the radio-activ€ emanations and the matter 
causing excited activity, possess the same general properties and 
Wfy not vary very much in penetrating power. It is thus probable 
pat in all cases the a rays from the different radio-active sub- 
Bances consist of positively charged bodies projected with great 
lelocity. Since the rays from radium are made up in part of ct 
fcys irom the emanation stored in the radium, and from the 
ixoited activity which it produces, the a rays from each of these 
fcroducts must consist of positively charged bodies; for it has been 
nown that all the a rays from radium are deviated in a strong 
Biagnetic field. 

I The kinetic energy of each proj ected particle is enormous, com- 
Eftred with its mass. The kinetic energy of each a particle 

I = lmr» = |- 7'e = 5-9 x lO-'ei^. 

Eaking the velocity of a rifle bullet as 10* cms. per second, it is 
been that, mass for mass, the energy of motion of the a rays is 
I X 10" times as great as that of the rifle bullet. In this projection 
B bodies atomic in size with great velocity probably lies the 
Brincipal cause of the heating effects produced by radium (section 
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87. Atomic disintegration. The radio-activity of the radio- 
elements is an atomic and not a molecular property. The rate of 
emission of the radiations depends only on the amount of the 
element present and is independent of its combination with inactive 
substances. In addition, it will be shown later that the rate of 
emission is not affected by wide variations of temperature, or by 
the application of any known chemical or physical forces. Since 
the power of radiating is a property of the radio-atoms, and the 
radiations consist for the most part of positively and negatively 
charged masses projected with great velocity, it is necessary to 
suppose that the atoms of the radio-elements are undergoing dis- 
integration, in the course of which parts of the atom escape fix)m 
the atomic system. It seems very improbable that the a and fi 
particles can suddenly acquire their enormous velocity of projection 
by the action of forces existing inside or outside the atom. For 
example, the a particle would have to travel from rest between two 
points differing in potential by 5*2 million volts in order to acquire 
the kinetic energy with which it escapes. Thus it seems probable 
that these particles are not set suddenly in motion, but that they 
escape from an atomic system in which they were already in 
rapid oscillatory or orbital motion. On this view, the energy is 
not communicated to the projected particles, but exists beforehand 
in the atoms from which they escape. The idea that the atom is 
a complicated structure consisting of charged parts in rapid oscil- 
latory or orbital motion has been developed by J. J. Thomson, 
Larmor and Lorentz. Since the a particle is atomic in size, it is 
natural to suppose that the atoms of the radio-active elements 
consist not only of the electrons in motion, but also of positively 
charged particles whose mass is about the same as that of the 
hydrogen or helium atom. 

It will be shown later that only a minute fraction of the atoms 
of the radio-element need break up per second in order to account 
for the radiations even of an enormously active element like 
radium. The question of the possible causes which lead to this 
atomic disintegration and the consequences which follow from it 
will be discussed later in chapter x. 

88. Experiments with a zinc sulphide screen. A screen 



' Sidot's hexagonal blend (phosphorescent zinc sulphide) lights 
up brightly under the action of the a rays of radium and polonium, 

WXf the surfJMie of the screen is examined with a magnifying glass, 
e hght from the screen is found not to be uniformly distributed 

' "but to consist of a number of acintillating points of light. No two 
flashes succeed one another at the same point, but they are scattered 
over the surface, coming and going rapidly without any movement 
of translation. This remarkable action of the radium and polonium 
rays on a zinc sulphide screen was discovered by Sir William 
Crookes^ and independently by Ellater and Geitel^ who observed 
it with the rays given out from a wire which has been charged 
negatively either in the open air or in a vessel containing the 
emanation of thorium. 

In order to show the scintillations of radium on the screen, 
Sir William Oookes has devised a simple apparatus which he has 
called the " Spinthariscope." A amall piece of metal, which has 
been dipped in a radium solution, is fixed several millimetres away 
firom a small zinc sulphide screen. This screen is fixed at one 
end of a short brass tube and is looked at through a lens fixed at 
the other end of the tube. Viewed in this way, the surface of the 
screen is seen as a dark background, dotted with brilhant points 
of light which come and go with great rapidity. The number of 
points of light per unit area to be seen at one time falls off rapidly 
as tlie distance from the radium increases, and, at several centi- 
metres distance, only an occaaiona,l one is seen. The experiment 
is extremely beautiful, and brings vividly before the observer the 
&,ct that the radium is shooting out a stream of projectiles, the 
impact of each of which on the screen is marked by a flash of hght. 
The scintillating points of light on the screen are due to the 
impact of the a particles on its surface. If the radium is covered 
with a layer of foil of sufficient thickness to absorb all the a rays 
the scintillations cease. There is still a phosphorescence to be 
observed on the screen due to the jS and y rays, but this luminosity 
is not marked by scintillations to any appreciable extent. Sir 
William Crookes showed that the number of scintillations was 
about the same in vacuo as in air at atmospheric pressure. If the 
' Proc. Ron. Soc. 81, p, 405, 1903. 
" Phys. Zrit. No. 15, p. 437, 1903. 
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removed from the action of the radium rays for several days, 
showed the scintillations again when an electrified rod was brought 
near it. 

Although the scintillations from a particle of pure radiiitu 
bromide are very numerous, they are not too niimeroiia to be 
c<)vmted. Close to the radium, the luminosity is very bright, but, 
by using a high power microscope, the luminosity can be shown 
to consist of scintillations. This use of the microscope would offer 
a very convenient means of actually counting the number of the 
particles projected from the surfiice of the radium, if each particle 
gave rise to a flash of light. It is not likely, however, that this 
would be the case. The number of scintillations from a given mass 
of radium will depend upon its fineness of division, but on account 
of the ease with which the projected particles are absorbed, only 
a small portion of the total number projected from the maaa of 
radium will escape from its surfece. 

89. Absorption of the a rays by matter. The a rays from 
the difl'urt'ut fadiu-active substancea can be distinguished from 
each other by the relative amounts of their absorption by gases 
or by thin screens of solid substances. When examined under 
the same conditions, the a rays from the active substances can be 
arranged in a definite onler with reference to the amount of 
absorption in a given thickness of matter. 

In order to test the amount of absorption of the a rays for 
different thicknesses of matter, an apparatus similar to that sho\vn 
in Fig. 16, p. 82 was employed". A thin layer of the active 
material was spread uniformly over an area of about 30 sq. cms,, 
and the saturation current observed between two plates S^S cms. 
apart. With a thin layer* of active material, the ionization between 
the plates is almost entirely due to the a rays. The ionization 
due to the ^ and 7 raya is generally less than 1°/^ of the total. 

The following table shows the variation of the saturation current 
between the plates due to the a rays from radium and polonium, 

' Rutherford aud MisB Brooks, Phil. Mag. July 1902. 

'^ In order to obtnin n very thin Uyer, the compound to be tented is tjround to a. 
Qoe powder and then sifted throu);!! a fine gauge uniibrmly over the area, ho that 
the plate is only partially covered. 
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with sueoeSHTe layers of aJa mini i im foil ioterposed, each -OOlBi 
in thiek n es R . In oider to get rid irf the ionization due lo 
rays from radium, the radium chloride employed was dissolre 
water and evaporated. This renders the active compouni for 
^me, nearly free frxun rays. 



Peloiumm. 



Radium. 



I-^l 


Canant 


dMMMtfpT 

»>l.h7« 






100 
41 
li-6 
3 1 
■14 



■41 
■31 
■17 
■067 



The initial current with 1 layer of aluminium over the ac 
material ia taken as 100. It will be observed that the currenl' 
to the radium rays decreases very nearly by half its value for 6 
additional thickness until the current is reduced to about 6 '(' 
the maximum. It then decays more rapidly to zero. Thus, 
radium, over a wide range, the current decreases in an expcnud 
law with the thickness of the screen, 



where t, is the current for a thickness (, and {„ the initial cuiW 
In t:he case nf polonium, the decrease is far more rapid than « 
he indicated by the exponential law. By the first layer, 
current is reduced to the ratio ■41. The addition of the tH 
layer cuts the current down to a ratio of iT. For most of 
aobi ve bodies, the current diminishes slightly faster than 
B<wntial law would lead one to expect, especially when 
■9 nearly 





Fig. 2(i. 



90. The iiicreasp of abaorplion of tho a rays of polonium with 
trhickneas of matter tra- 
versed has been very clearly 
shown in some esperiments 

r made by Mme Ciirie. The 

[ apparatus employed is shuw-n 
1 Fig. 26. 

The saturation current was 
measured between two parallel 
plates Pr 3 cms. apart. The 
polonium A was placed in the 
metal box GC, and the rays from it, after passing through an 
opening in the lower plate P", covered with a layer of thin foil T, 
ionized the gas between the plates. For a certain distance AT, of 
4 cms. or more, no appreciable current was observed between P 
and P. As the distance ATvias diminished, the current increased 
in a very sudden manner, so that for a small variation of the distance 
AT there was a large increase of current. With still further decrease 
of distance the current increases in a more regular manner. The 
results are shown in the following table, where the screen T con- 
sisted of one and two layers of aluminium foil respectively. The 
current due to the rays, without the aluminium screen, is in each 
case taken as 100. 



DiBtonce jrmcmB. 


a-5 


3-5 


1-9 


145 


0-5 


For 100 rays tranBmitted by ooe layer 
For 100 rays transmitted by two layers 










5 



10 



23 
0-7 



The metallic screen thus cuts off a greater proportion of 

the rays the greater the distance of air which the radiations 
traverse. The effects are still more marked if the plates PP' are 
close together. Results similar but not so marked are found if 
radium is substituted for the polonium. 

It follows from these experiments that the ionization per unit 
volume, due to a large plate uniformly covered with the radio- 
active matter, falls off rapidly with the distance from the plate. 
At a distance of 7 or 8 cms. the a rays from uranium, thorium, or 



■ excited radiation. 



curves of abaoqition are given in Fig. 27. For the piirpiwe of 
comparison in each case, the initial current with the bare active 
compound is taken as 100. A very thin layer of the active 
mibstance was used, and, in the case of thorium and mdium, the 
emanations given off were removed, by a slow current of air through 
the testing vessel. A potential difference of 300 volts was applied 
between the plates, which was sufficient to give the maximum 
current in each case. 

Curves for the minerals organite and thorite were very nearly 
the sami; as for thoria. 

For the purpose of comparison, the absorption curt'cs of the 
excited radiations of thorium and radium are given, as well as the 
curve for the radio- elements uranium, thorium, radimn, and polo* 
nium. The a radiations may be arranged in the following order, 
as regards their power of penetration, beginning with the most 
}>enetrating. 

Thorium 

Radium 

Thorium. 

Radium. 

Polonium. 

Uramum. 
The same order is observed for all the absorbing 
^examined, viz., aluminium, Dutch metal, tinfoil, paper, and air and 
»ther gases. The differences in the absorption of the a raj^ from 
the active bodies are thus considerable, and must he ascribed either 
difference of mass or of velocity of the a particles or to a 
variation in both these quantities. 

Since the a rays differ either in mass or velocity, it follows 
that they cannot he ascribed to any single radio-active impurity 
common to all radio-active bodies. 

Absorption of the a rays by ^asea. The a rays from 
the different radio-active substances are quickly absorbed in their 
e through a few centimetres of air at atmospheric pressure 
jtod temperature. In consequence of this, the ionization of the air, 
tue to the a rays, ia greatest near the surface of the radiating body 
md fells off very rapidly with the distance (see section 
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A simple method of determining the absorption in gases is 
shown in Fig. 28. The maximum 
current is measured between two 
parallel plates A and B kept at a 
jixed distance of 2 cms. apart, and 
then moved by means of a screw to 
different distances from the radio- 
active surfece. The radiation from 
this active sur&ce passed through a 
circular opening in the plate A, 
covered with thin aluminium foil, 
and was stopped by the upper plate. 
For observations on other gases be- 
sides air, and for examining the 
effect at different pressures, the apparatus is enclosed in an air- 
tight cylinder. 

If the radius of the active smface is large compared with the 

distance of the plate A fix)m it, the intensity of the radiation is 

approximately uniform over the opening in the plate A, and falls 

off with the distance x traversed according to an exponential law. 

Thus 

/ 



u 



Active Material 



Fig. 2S. 



— = e-^, 



where X is the " absorption constant " of the radiation for the gas 
under consideration^. Let 

X = distance of lower plate from active material, 

I = distance between the two fixed plates. 

The energy of the radiation at the lower plate is then /©e"^, 
and at the upper plate lQe~^^^^^K The total number of ions pro- 
duced between the parallel plates A and B is therefore proportional 

to 

Since the factor 1 — e~^^ is a constant, the saturation current 

^ Since the ionization at any point above the plate is the resnltant effect of the 
a particles coming from all points of the large radio-active layer, X is not the same as 
the coefficient of absorption of the rays from a point source. It will however be 
propor^onhl to it. For this reason X is called the ** absorption constant." 



i&a A and B varies as i;~**, i.e. it decreases according to an 
lontial Ifiw with the distance traversed. 
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The variatiLiii of the current between A and B with the distance 
from a thin layer of uranium oxide is shown in Fig. 29 for different 
gases. The initial measurements were taken at a distance of about 
3"5 mms. from the active surface. The actual values of this initial 
current were different for the different gases, but, for the purposes 
of comparison, the value is in each case taken as unity. 

It will be seen that the current falls off with the distance 
approximately in a geometrical progression, a result which is in 
agreement with the simple theory given above. The distance 
through which the rays pass before, they are absorbed is given 
below for different gases. 



ahaorb halt of radiation 



Carbouic acid 



The results for hydrogen are only approximate, as the absorp- 
tion is small over the distance examined. 
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The absorption is least in hydrogen and greatest in carbonic 
acid, and follows the same order as the densities of the gases. 
In the case of air and carbonic acid, the absorption is proportional 
to the density, but this rule is widely departed from in the case 
of hydrogen. Results for the relative absorption by air of the a rays 
from the different active bodies are shown in Fig. 30, 
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Fig. 30. 

The initial observation was made about 2 mms. from the active 
surface, and the initial current is in each case taken as 100. The 
current, as in the case of uranium, falls off at first approximately 
in geometrical progression with the distance. The thickness of 
air, through which the radiation passes before the intensity is 
reduced to half value, is given below. 

DiataQoe in num. 

Uranium 4-3 

Radium 7-5 

Thorium 10 

Excited radiation ^m Thorium and Radium ... 16*5 

The order of absorption by air of the radiations from the active 
substances is the same as the order of absorption by the metsia 
and solid substances examined. 



93. Connection between absorption and density. Since 

I all cases the radiations fii-st diminish aiiproxiiuately according 
D an exponeDtial law with the distancia travei-sed. the intensity / 
assing thiiingh a thickness a ia given by / = Ifi~^ where X 
B the absorption constant and /„ the initial intensity. 

The following table shows the vahie of X with different radia- 
tions for air and aluminium. 



BaJtatioD 
Excited radiatioi 
Thorium 
Raiiium 
Umiiiiini , ... 



\ for Bluminiuu] 



Taking the density of air at 20° C. and 760 mi 
impared with water as unity, the following table si 
' X divided by density for the different radiations. 



as 0-00120 



Radiiition Aluroiniuni Ait 

Excited nuliiition ... 320 350 

Thorium 480 550 

Radium 820 740 

Uranium lOgo 1300 

Comparing aluminium and air, the absorption is thus roughly 
mportional to the density for alt the radiations. The divergence, 
owever, between the absorption-density numbers is large when 
vo metals like tin and aluminium are compared. The value of X 
ir tin is not much greater than for aluminium, although the 
ensity is nearly three times as great. 

If the absoi-ptiun is proportional to the density, the absorption 
1 a gas should vary directly as the pressure, and this is found to 
e the case. Some results on this subject have been given by the 
niter Qoc. ci(,) for uranium rays between pressures of 1/4 and 1 
tmosphere. Owens {loc, dt.) examined the absorption of the a 
tdiation'in air from thoria between the pressures of 0'5 to 3 
bmoepheres and found that the absorption varied directly as the 

The variation of absorption with density for the projected 
jitive particles is thus very similar to the law for the projected 
^tive particles and for cathode rays. The absorption, in both 
les, depends mainly on the density, but is not in all cases directly 
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proportional to it. Since the absorption of the a rays in gases is 
probably mainly due to the exhaustion of the energy of the rays 
by the production of ions in the gas, it seems probable that the 
absorption in metals is due to a similar cause. 

94 Relation between ionization and absorption in 
gases. It has been shown (section 45) that if the a rays are 
completely absorbed in a gas, the total ionization produced is about 
the same for all the gases examined. Since the rays are unequally 
absorbed in diflferent gases, there should be a direct connection 
between the relative ionization and the relative absorption. This 
is seen to be the case if the results of Strutt (section 45) are com- 
pared with the relative absorption constants (section 92). 



Gas 



Relative Relative 

absorption ionization 

Air 1 1 

Hydrogen ... -27 226 

Carbon dioxide 1*43 1*53 

Considering the difficulty of obtaining accurate determinations 
of the absorption, the relative ionization in a gas is seen to be 
directly proportional to the relative absorption within the limits of 
experimental error. This result shows that the energy absorbed 
in producing an ion is about the same in air, hydrogen, and carbon 
dioxide. 

95. Theory of the absorption of the a rays by matter. 

As we have seen, experiment shows that the ionization of the gas 
due to the a rays from a large plane surface of radio-active matter 
falls off approximately according to an exponential law until most 
of the rays are absorbed, whereupon the ionization decreases at a 
much faster rate. The ionization of the gas is due to the collision 
of the positively charged particles with the molecules in tneir path. 
Each projected particle carries with it sufficient energy to produce, 
on an average, several thousand ions in its path before its velocity 
is reduced to a value below which it fails to ionize the gas. This 
minimum velocity for the a and fi particles is probably about 10* cms. 
per second. More experimental data are required on the variation of 
the amount of ionization of the gas with the speed of the projected 



■particles. The experiments of Townaend' imd Durack' p^int to the 
rconclusion that the amount of ionization per unit distance passes 
through a maximum and then decreases as the velocity of the 
particle inci-eases. For example, Townsend found that the number 
of ions priwluced by an electron moving in an electric field was 
small at first for weak fields, but increased with the strength of 
the electric field tta a maximum corresponding to the production 
of 21 ions per cm. in air at a pressure of 1 mm. of mercury ; 
while for a much higher velocity of about 5 x 10* cms. per second 
Durack found that the electrons only produce '4 ions per cm. at 
1 mm. pressure. In a later paper, Durack' showed that for the 
electrons irom radium, which are projected with a velocity of 
about half the velocity of light, the correBpomling ntmiber of ions 
per era. of path is "19 or only about 1/100 of the maximum number 
observed by Townsend. 

It has been shown by Des Coadres that the velocity of the 
cathode rays diminishes when the rays pass through thin metal 
foil. This is probably also true of the a and particles produced 
by the active substances. 

If the decrease of the ionizatioD according to an exponential 
law with the distance were due only to a gradual retardation of 
the speed of the projected particles, it follows that the ionization 
per unit distance for both the a and /9 particles must vary as the 
square of the velocity of the particle. For suppose that in passing 
through a distance dx a particle of mass m decreases in speed from 
V to v~dv. The loss of energy tif the particle is mvdv, and 
this should be proportional to the number of ions qdai produced, 
where q is the rate of production of ions per unit length of the 
path. Since the ionization is assumed to fell off in an exponential 
law with the distance x, we get q = q,^"° where g„ is the value of q 
when a; = 0. 

Then medv = kq„e~^ da; 

where k is a constant and 
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' PMl. Mag. Feb. 1901. 
" Pkil. Mag. May, liHia. 



- Phil. .\I.,,i. July, 1902. 
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for A =0, since q = when r = 0. q should thus be jMDpmtioiiai 
to V*. This conclusion is contrary to the experimental resnlts, lor 
it has been shown, at any rate for the /3 particles, that the icmiza- 
tion per unit distance decreases with increase of velocity. 

The variation of ionization with distance thus cannot be due 
entirely to the gradual retardation of the particles. It seems 
probable that it is due to one of the following causes : — 

(1) absorption of the projected particles in their passage 
through matter ; 

(2) neutralization of some of the charges carried by the pro- 
jected particles. 

It can be shown that the number of a particles which are able 
to produce " scintillations " on a zinc sulphide screen is diminished 
by the interposition of a metal screen. The hypothesis (2) seems 
more probable than (1), for it is difficult to see how masses, possess- 
ing such an amount of kinetic energy as the a and /3 particles at 
the moment of their expulsion, can be completely stopped by a 
single collision, unless the velocity of the particles has already been 
greatly reduced by their passage through matter. On the second 
hj-pothesis, the particles after losing their charges may still keep 
moving in their path with a high velocity, but it is to be expected 
that they would not be nearly as efficient in ioniziug the gas as a 
charged particle of equal mass moving with the same velocity. 
Their existence would not be recognized by ordinary methods 
unless they pnxiuced an appreciable ionization by collision with 
the molecules. Thus, it is possible that, in addition to the a and 
)8 charged particles, there may be a stream of imcharged particles 
moving through the gas with great velocity, the existence of which 
has not yet been detected. 

This gradual neutralization of the charges on the projected « 
particles, and the consequent inability of the particles to produce 
ions in their path, are probably responsible for most of the so-called 
" absorption " of the rays in traversing matter whether solid, liquid, 
or gaseous. If, in addition, the speed of the projected particles is 
gradually decreased by their passage through matter, as the mini- 
mum velocity required to produce ions is approached, the particles 
which still retain their charge will decrease in ionizing power, and, 



in consequence, the nunibei- of ions produced per unit length of 
path wilt diminish far mfirc rapidly than the law observed for 
higher velocities would lead us to expect. This offera an explana- 
tion of the great increase of absorption of the a rays by matter 
which is observ-ed when the rays are nearly all abaarbed. 



The 7 or very penetrating Rays. 

In addition to the a and & rays, the three active sub- 
I, uranium, thorium, and radium, all give out a radiation of 
an extraordinarily penetrating character. These 7 rays are con- 
siderably more penetrating than the S rays produced in a "hard" 
vacuum tube. Their presence can readily be observed for an active 
substance like radium, but is difficult to detect for uranium and 
thorium unless a large quantity of active material is used. 

Villard', using the photographic method, first drew attention 
to the fiict that radium gave out these very penetrating rays, and 
found that they were non-deviable by a magnetic field. This result 
was confirmed by Becquerel'. 

Using a few milligrams of radium bromide, the 7 rays can 
readily be detected in a dark room by the luminosity they excite 
in the mineral willemite or a screen of platinocyanide of barium. 
The « and ^ rays are completely absorbed by placing a thickness 
of 1 centimetre of lead over the radium, and the rays which then 
pass through the lead consist entirely of 7 rays. The very great 
penetrating power of these rays is readily observed by noting the 
slight diminution of the luminosity of the .screen when plates of 
metal several centimetres thick ai'e placed between the ludium and 
the screen. These rays also produce ionization in gases and are 
best investigated by the electrical method. The presence of the 
7 rays fi-om 30 mgs. of radium bromide can be observed in an 
electroscope after passing through -SO cms. of iron. 



' c. li. 130, pp, 1110. ins. 1900. 



■^ C. R. 130, p. 1151, lUOO. 
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98. Connection between a'bsorptlon and density. Thi 

u abaorption constant X of the rays was dL-tenuined from thi 



for screens of different materials. On account 
lass it was difficult to 



of the small absorption in water an 
determine \ with accuracy. 

The re.sult8 are included in the folh 



ing table :— 





ytaji 


rayfl from 


^ 


1 


\ 


I^^ir 


deiisitj 


Wftter ... 

01aa« 

Iron 

Zino 

Copi«r ... 

Lead'" '.'.'. 
Mercury 


■033 

■086 
■28 
■28 
•31 

f- 

■92 


■033 

■035 
■036 

1)39 
■035 
■052 
■068 
■068 


44 

— 
fiO 
96 
Hi 


5-7 

5-6 

7-7 
13^2 
10-8 

- j 



On the right is added a comparison table for the ^ raya given 
lUt by uranium. It will be seen that the quotient of absorption 
^ density is in neither case a constant, but the differences are 
to greater for the non*deviable penetrating raya than for the devi- 
tble rays of uranium. It is interesting to observe that the value 
(f \ divided by the density is, for both types of ntys, twice as great 
or lead as lor glass or iron. 

It will be seen from the above table that the peneti'ating rays 
toni radium compared with the deviable rays of iiranium pass 
hroTigh a thickness of glass about 160 times gfreater for the same 
eduction of intensity. 

99. Nature of the rays. In addition to their great pene- 
lating power, the j rays difler from the a and rays in not being 
(efiected to an appreciable amount by a magnetic field. 
I It now remains to consider whether the rays ai'e material in 
latiire or whether they are a type of ether-pulse like Rdntgen 
Bye. In some respects the 7 rays seem more clo.sely allied to 
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cathode than to Rontgen rays. It is well known that Bontgen 
rays produce much greater ionization in gases such as sulphuretted 
hydrogen and hydrochloric acid gas than in air, although the 
diflferences in density are not large. For example, under the 
influence of X rays sulphuretted hydrogen has six times the con- 
ductivity of air, but under the cathode rays the conductivity is 
only slightly greater than that of air. In an experiment made 
by the writer, in which the testing vessel was filled with sulphu- 
retted hydrogen, it was found that the current for the 7 rays 
from radium was only slightly greater than it was when the vessel 
contained air. 

Strutt^ has recently made a detailed investigation of the rela- 
tive conductivity of gases exposed to the 7 rays of radium. The 
results have already been given in the table in section 45. He found 
that the relative conductivities of diflferent gases compared with 
air were about the same as for the ^ rays of radium, but were very 
diflferent from the conductivities for Rontgen rays. 

The variation of absorption of these rays with density is also 
very similar to that of the cathode rays. On the other hand, 
Benoist'^ has shown that the relative absorption of Rontgen rays 
by matter depends to a large extent on the kind of rays em- 
ployed. " Hard " rays give ratios quite diflferent from " soft " rays. 
For penetrating Rontgen rays, the absorption of the rays by a given 
weight of material is a continuous and increasing fanction of the 
atomic weight. 

The 7 rays thus show properties with regard to absorption 
and ionization unlike those of X rays, but it must not be forgotten 
that the 7 rays are of a far more penetrating character. It has 
not yet been shown that the properties of very penetrating X rays 
with regard to relative absorption and ionization are the same as 
those of the ordinary rays of moderate penetrating power which 
have so far been examined. 

It will be shown later (section 194) that the 7 rays, like the 
)8 rays, appear only in the last stage of the succession of chemical 
changes occurring in active bodies. Active products which give 
a rays and no ^ rays do not give rise to 7 rays. The /8 and 7 rays 

1 Proc. Roy, Soc. 72, p. 208, 1903. 

2 C. R. 132, p. 546, 1901. 



appetvr always tii go together and are present in the same pro- 
portion. The main facts known about the 7 rays are summarized 
below:— I 

(1) Great penetrating |)Ower. 

(2) Nod -deviation in an intense magnetic field. 

(3) A law of absorption similar to that of cathode and y9 rays. 

(4) Occurrence of ^ and 7 rays together and in the same 
proportion. 

Three possible hypotheses may thus be considered : — 

(1) That the 7 rays are very penetrating RCntgen rays. 

(2) That they consist of negatively charged particles projected 
with a velocity very nearly equal to that of light, 

(3) That they consist of uncharged bodies projected with 
great velocity. 

RSntgen rays are believed tn be electromagnetic pulses set up 
by the sudden stoppage of the cathode rays produced in a vacuum 
tube. Thus it is to be expected that Rontgen rays should be 
produced at the sudden starting as well as at the sudden stopping 
of electrons. Most of the /S particles from the radio-elements are 
projected with velocities much greater than those of the cathode 
rays in a vacimm tube. Thus Riintgen rays of a very penetrating 
character should be set up, if the electron is very suddenly expelled 
with great velocity. This would account for the facts (1), (2) and 
(4). but it is at variance with (3) unless the relative conductivity 
of gases for a very penetrating type of X rays follows the law of 
conductivity of the ^ or cathode rays*. Stnitt has also pointed 
out that the proportion of 7 rays to yS rays from radium is much 
greater than the proportion of X rays to the cathode rays produced 
in a vacuum tube. 

It has been shown that the ^ lays from radium are complex 

' (Addeii Feb. IS. 1901.1 Mr A. 3. Eve of M-tiill nnivenitj, Motitreul, )ina 
rocentlj eiarained tlie relative conductivity of soaip (puiea tor veiy " hard " X raya 
after their passage tliruQcb a lead screen 1-8 mmB. Chiuh, and has obtained ratiua 
verj different from tliose obBerred for "soft " rays, liut approiimatinK oloeely to 
tbOBe obtnined for tlit> 7 rays. These obsei'vatiotiB reiuove the moat Bertoux ubjee- 
liau vtliich ]iaH been urged aeaini^t tlii! view that tlic 7 rayn are in reality X rnys nl' 
a veiy p«ListnLliiig type. 

K. R.-A. \ft 
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and include electrons travelling with a speed of more than 95 per 
cent, of that of light. The apparent mass of an electron would 
increase rapidly as the speed of light is approached, and for the 
velocity of light the mass should be infinite and the path unaffected 
by a magnetic field. It does not seem improbable that some of 
the )8 rays of radium are projected with a velocity very nearly 
equal to that of light, and thus it is possible that the 7 rays 
may really consist of electrons expelled with velocities which still 
more nearly approach that of light. The great increase of pene- 
trating power is to be expected on account of the rapidly increasing 
energy of the electron as the speed of light is approached. An 
objection to this hypothesis lies in the experimental observation 
that there appears to be no gradual passage fi*om the stage of 
penetrating deviable rays to non-deviable very penetrating rays. 
It is also possible that the 7 rays may consist of uncharged 
particles projected with great velocity. Such an hypothesis would 
account for the relative conductivity of gases and for the non- 
deviation of the rays in a magnetic field. It would also account 
for the great penetrating power of the rays, since a small uncharged 
particle moving through matter would probably not be absorbed 
as rapidly as a charged particle of the same mass and velocity. 
Nevertheless, sufficient experimental data are not yet available to 
distinguish definitely between the three hypotheses discussed above. 



PART V. 

Secondary Rays. 

100. Production of secondary rays. It has long been 
known that Rontgen rays, when they impinge on solid obstacles, 
produce secondary rays of much less penetrating power than the 
incident rays. This was first shown by Perrin and has been 
investigated in detail by Sagnac, Langevin, Townsend and others. 
Thus it is not surprising that similar phenomena should be 
observed for the radiation fi-om radio-active substances. By 
means of the photographic method, BecquereP has made a close 

1 C. R. 132, pp. 371, 734, 1286. 1901. 



etudy of the eecurdary radiations produced by radio-active sub- 
Btaaces. In hi« earliest observations he noticed that radiographs 
of metallic objects were always surroutided by a diffuse border. 
This effect is due to the secondary rays set up by the incident 
tays at the suHace of the screen. 

The secondary rays produced by the a rays are very feeble. 
They are beat shown by polonium, which gives out only et rays, 
when, in consequence, the results are not complicated by the 
action of the j8 rays. Stnmg secondary rays are set up at the 
point of impact of the /9 or cathodic rays. Becquerel found that 
the magnitude of this action depended greatly on the velocity 
of the rays. The rays of lowest velocity gave the most intense 
secondary action, while the penetrating rays gave, in comparison, 
Scarcely any secondaiy effect. In consequence of the presence of 
■this secondary radiation, the photographic impre.ssion of a screen 
pierced with holes is not clear and distinct. In each case there is 
I double photographic impression, due to the primary rays and the 
■Secondary rays set up by them. 

Theats secondary rays are deviable by a magnetic field, and in 
turn produce tertiaiy rays and so on. The secondary rays are in all 
t»ses more readily deviated and absorbed than the primary rays, 
&om which they arise. The very penetrating 7 rays give rise to 
^secondary rays, which cause intense action on the photographic 
plate. When some radium was placed in a cavity inside a deep 
lead block, rectangular in shape, besides the impression due to the 
direct rays through the lead, Becquerel observed that there was 
also a strong impression due to the secondary rays emitted from 
the surfece of the lead. The action of these secondary rays on 
the plate is so strong that the effect on the plate is, in many cases, 
increased by adding a metal screen between the active material 
ind the plate. 

The comparative photographic action of the primary and 
^secondary rays cannot be taken as a relative measure of the 
intensity of their radiations. For example, only a small portion 
fof the energy of the ff rays is in general absorbed in the sensitive 
film. Since the secondaiy rays are far more easily absorbed than 
■the primary rajm, a iar greater proportion of their energy is ex- 
ipended in producing photographic action than in the case of the 
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' rii^.nf ftrfiufvlfif h la FanUt^ tUn Hri^ptr^*. Paris im)3. p. 85. 
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CHAPTER V. 
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RATE OF EMISSION OF ENERGY. 



102. Comparison of the ionization produced by the a 
and fi rays. With unscreened active material the ionization 
produced between two parallel plates, placed as in Fig. 16, is mainly 
due to the a rays. On account of the slight penetrating power of 
the a rays, the current due to them practically reaches a maximum 
with a small thickness of radio-active material. The following 
saturation currents were observed i for dififerent thicknesses of 
uranium oxide between parallel plates sufficiently far apart for all 
the a rays to be absorbed in the gas between them. 

Surface of uranium oxide 38 sq, cms. 



Weight of uranium oxide 

in grammes per sq. cm. 

of surface 


Saturation current 

in amperes per sq. cm. 

of surface 


•0036 
•0096 
•0189 
•0350 
•0956 


1-7x10-13 
3-2x10-13 
4-0x10-13 
4-4x10-13 
4-7x10-13 



The current has reached about half its maximum value for 
a weight of oxide 0055 gr. per sq. cm. If the a rays are cut off 
by a metallic screen, the ionization is then mainly due to the 
P rays, since the ionization produced by the 7 rays is small in 
comparison. For the ^ rays from uranium oxide it has been 

1 Rutherford and McClung, PkU, Trans, A. p. 25, 1901. 
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shown (aectioa 7^) that the cnrrait reacbea half its maxmiiiin 
value for a thicknefls of Qrll gr. p»r aq. cm. 

On accoont of the diSa&aee in the p^oetrating pow^r of the a 
sod fi rays, the ratio of the ionizatioa cnrr^itB psodoced by them 
depends on the thickness of the radio-active lajrer nnd^r examina- 
tion. The following compazacive values of the cnzr^it due to the 
a and fi rays were obtained lii^' very thin layefs of active matt^r^ A 
weight of 1/10 gramme of fine powi^, consisting of nraninm oxide, 
thorium oxide, or radinm chkmde of activity 2000, was spread as 
uniformly as posnbie ov^* an area f^ 80 sq. cm& The saturation 
eorrent was observed betwe^i panJIel plates 5*7 cms. apart. This 
distance was sufficient to ahsorfo most of the a rays from the active 
substances. A layer of aluminium "OOO cm. thick afascHiied all 
the a rays. 



Ufamma 



Cnrreiit due CnrrHit due „ ^ ^ 3 

feo c EajB to ^ Eays 



— I 



1 i 1 i -0074 



Thorium ... I 1 "27 -0020 

Radiom ... 2000 i 1350 -0033 



J 



In the above table the saturation current due to the a and 
)S rays of uranium is, in each case, taken as unity. The third 
column gives the ratio of the currents observed for equal weights 
of substance. The results are only approximate in character, for 
the ionization due to a given weight of substance depends on its 
fineness of divisioiL In all cases, the current due to the ;8 rays is 
small compared with that due to the a rays, being greatest for 
uranium and least for thorium. As the thickness of layer increases, 

O 

the ratio of currents — steadily increases to a constant value. 

103. Comparison of the energy radiated by the a and 
)S rays. It has not yet been found possible to measure directly 
the energy of the a and fi rays. A comparison of the energy 
radiated in the two forms of rays can, however, be made indirectly 
by two distinct methods. 

1 Butherford and Grier, Phil. Mag. Sept. 1902. 
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If it is assumed that the same amount of euergy is required to 
|)roduce an ion by either the a or the yS ray, and that th«? same 
proportion of the total energy is used up in producing ions, an 
fcppmximate estimate can be made of the ratio of the energy 
ndiated by the a and j9 rays by measuring the ratio of the total 
tumber of ions produced by them. If \ is the coefficient of 
ibeorption of the y8 rays in air, the rate of production of ions 
ir unit volume at a distance x from the source is g„e~^ where g„ 
the rate of ionization at the source. 
The total number of ions produced by complete absorption of 
Hie rays is 

I i]„e~'''da: = ~ . 

Now X is difficult to measure experimentally for air, but an 
approximate estimate can be made of its value from the known 
feet that the absorption of ;9 rays is approximately proportional to 
the density of any given substance. 

For rays from uranium the value of \ for aluminium is about 
14, and X divided by the density is 5"4. Taking the density of air 
OB GOl-l. we find that 

X for air = ■0065. 

The total number of ions produced in air is thus 154 q, when 
the rays are completely absorbed. 

Now from the above table the ionization due to the y9 rays 

■0074 of that produced by (i i-ays, when the rays passed 
tiirough a distance of 57 cms. of air. 

Thus we have approximate! v 



Total number of ions produced bj rays _ 
Total number of ions produced by a rays 



■0074 
5-7 ' 



1 54 = 0-20. 



Therefore about 1/6 of the total tmergy radiated into air by a 
Hiin layer of uranium is carried by the rays or electrons. The 
tatio for thorium is about 1/22 and for radium about 1/14, assum- 
ing the rays to have about the same average value of X. 

This calculation takes into account only the energy which is 
ladiated out into the surrounding gas; but on account of the ease 
(fith which the a rays are absorbed, even with a thin layer, the 
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greater proportion of the radiation is absorbed by the i-adio-dctive 
substance itself. This is seen to be the case when it is recalled 
that the a radiation of thorium or radium is reduced to half 
value after passing through a thickness of about 0*0005 cm. of 
aluminium. Taking into consideration the great density of the 
radio-active substances, it is probable that most of the radiation 
which escapes into the air is due to a thin skin of the powder not 
much more than 0001 cm. in thickness. 

An estimate, however, of the relative rate of emission of 
energy by the a and /8 rays from a thick layer of material can be 
made in the following way : — For simplicity suppose a thick layer 
of radio-active substance spread uniformly over a large plane area. 
There seems to be no doubt that the radiations are emitted 
uniformly from each portion of the mass; consequently the 
radiation, which produces the ionizing action in the gas above 
the radio-active layer, is the sum total of all the radiation which 
reaches the surface of the layer. 

Let \i be the average coefficient of absorption of the a rays in 
the radio-active substance itself and a the specific gravity of the 
substance. Let E^ be the total energy radiated per sec. per unit 
mass of the substance when the absorption of the rays in the 
substance itself is disregarded. The energy per sec. radiated to 
the upper surface by a thickness cfo of a layer of unit area at a 
distance x from the surface is given by 

^E^ae'^^^dx, 

The total energy W^ per unit area radiated to the surface per 
sec. by a thickness d is given by 

Fi= J f E^ae-^^'^dx 

Jo 

E\(T .^ X wv Eia 

if \iC? is large. 

In a similar way it may be shown that the energy TT, of the 

E (T 

y8 rays reaching the surface is given by TFg = ~- where E^ and \ 



te the values for the /9 rays oorres|M.'rifliiig to L', and \, toi- thi' 
rays. It thua fnllowa that 

g. _ X. W, 

1 and 'Ki are (iifticiilt tci detenuine dirtjctly for the radio-active? 
ubstancu itself, but it is probable that the ratio Xi/X, is not very 
ifferent from the ratio for the absorption coefficients for another 
ubatance like aluminium. This follows from the general result 
hat the absorption of both a and ,8 rays is proportional to the 
.enisity of the substance ; for it has already been shown in the 
36 of the /3 rays from uranium that the absorption of the rays in 
e radio-active material is about the same aa for non-radio-active 
natter of the same density. 

With a thick layer of uranium oxide spread over an area of 
I aq. cms., it waa found that the saturation current between 
larallel plates 6'1 cms. apart, due to the a rays, was 12-7 times 
eat as the current due to the ^ rays. Since the a rays were 
ntirely abaorbed between the plates and the total ionization 
iroduced by the rays is 154 times the value at the surface of the 
ilates, 

W, _ total number of ions due to et rays 
Wj total number of ions due to ^ rays 

12-7x81 „, . , 

= — Ycj, — — ^'" approximately. 

Now the value of Xi for aluminium is 2740 and of X, for the 
lame metal 14, thus 

E, \W, 

This shows that the energy radiated from a thick layer of 
naterial by the rays is only about 1 per cent, of the energy 
adiated in the form of a laya. 

Thia estimate is confinned by calculabiona based on indepen- 
lent data. Let m,, m, be the masses of the a and ^ particles 
espectively. Let v,, v, be their velocities. 

Energy of one a particle _ niiV^ _ e ' 
Energy of one y3 particle vt^v^' m, , ' 



P = 100 approximately. 
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Now it has been shown that for the a rays of radium 

Vi = 2-5 X 10», 

— = 6 X 10«. 

The velocity of the )8 rays of radium varies between wide 
limits. Taking for an average value 

— = 1-8 X 10^ 

it follows that the energy of the a particle from radium is almost 
83 times the energy of the /9 particle. If equal numbers of a and 
/3 particles are projected per second, the total energy radiated in 
the form of a rays is about 83 times the amount in the form of 
rays. 

Evidence will be given later to show that the number of 
a particles projected is probably several times greater than the 
number of j3 particles; so that a still greater proportion of the 
energy is emitted in the form of a rays. These results thus lead 
to the conclusion that, from the point of view of the energy 
emitted, the a rays are far more important than the fi rays. 
This conclusion is supported by other evidence which is discussed 
in chapter x, where it will be shown that the a rays play by fer 
the most important part in the changes occurring in radio-active 
bodies, and that the /8 rays only appear in the last stage of the 
radio-active processes. From data based on the relative absorption 
and ionization of the /8 and 7 rays in air, it can be shown that the 
7 rays carry off about the same amount of energy as the fi rajrs. 

104. Number and Energy of the a particles. It has 

been shown that the greater part of the energy emitted from 
the radio-elements in the form of ionizing radiations is due to 
the a rays. Rutherford and McClung (loc. cit.) made an estimate 
of the energy of the a rays, radiated into the gas from a thin 
layer of active matter, by determining the total number of ions 
produced by the complete absorption of the a rays. Taking 
as the value for the energy required to produce an ion in a gas 



1'90 X 10~'° ergs, it was calculated that the amount of energy, 
radiated into the gas. from 1 gram of umulum oxide, spread over 
a plate in a thin layer, ctjrresponded to 0'032 gram-calories per 
year. Taking the activity of pure radium chloride as 1,500,000 
times that of uranium, the corresponding rate of emission of energy 
from radium is 4>8,000 gram-calories per year. This is an under- 
estimate, for it includes only the energy radiated into the gas. 
The actual amount of energy released in the form of a rays is 
evidently much greater than this on account of the absorption of 
the a rays in the active matter itself 

It is very important to form an estimate of the total energy 
omitted in the form of at rays, and also of the number of a particles 
expelled per second from a known "weight Lif an active substance. 

Three different niethiMls of estimating thesi.' (juantities will now 
be considered- 

MeViod 1. It can be deduced from the resulto of Wien 
(section 74) that the number of ^ particle.s projected from 
1 gram of radium bromide is 66 x 10" per second. In this calcu- 
lation no correction has been made for the ^ rays absorbed in 
the envelope of the active matter and in the surrounding glass 
tube. Assuming that about half of the ^ particles escape, it 
follows that the number of y9 particles projected per second from 
1 gram of radium is about 2 K 10'" per second. Now it will be 
shown later, in chapter x, that probably tour a particles are pro- 
jected from radium for each (S particle. The number of a particles 
pntjected per second is thus abfjut 8 x 10'". Taking the energy of 
each a particle (section 86) as 5"9 x 10~' ergs, this corresponds to 
a rate of emission of energy from 1 gram of radium of 40 gram- 
calories per hour. 

Method 2. In the ciise of an active substance in the solid 
or liquid state, most of the a rays emitted are absorbed in the 
active material. The total ionization produced by all the a rays 
from 1 gram of radium, when there is no absorption in the 
active substance itself, was experimentally deduced in the follow- 
ing way. A weight of 0-26 milligrams of pure radium bromide was 
dissolved in water and the solution, spread uniformly over a plate 
about 100 sq. cms. in area, was evaporated to dryness. A lew 






^T^-r-i III 
•^ ~^— "iiai 



i-— ' ^rrr "^^ir toj- t 



-J. _ 






- ' -'--I's^ *«.■■/ HIT'- 1 :t- ic. _• n 3ii 'TTi 
■ .'■.'■- ■="■-1 '- iiir-r -Z "• ~*-£iTiiL». :•!- ij* iit •:"•.• 

' ■"' '.r.v v , *' 7 .■vr.."*^r.': • "*«• -o "vil ~hii~ Tii*r siiixfznini 3.mnb*rr 

,*■ '.r.* ',r /: y>-s': ->• t .v.'//:r.*:' -n^r^^TT' XL p*rr :til. f lt:* parh. in air at 

'' ■,-■-"..- .:' . :...'.. ,f .r.'-r^/iri" > il. ^►ii inr: kineric rht^n-^rvirf 

/,.-■'• ." ' Af, V ':••'': .'':w: r'-.r;. t.:.- r^r-::!": i Lani^rrTin. J«ji_\ *Tit.\ that 

../.■ .■ r.' '\iT't^.\<,*» •,* rr*'r/";rri-:rir ind "wh^r*^ «iiam«eter is etiual t«» 
Ti' 'l,.»rf»' >< f ',f ?-f;<- rriol*-<:'il-:. It tull«r.vs that thtr electp:»ii must 
\,' ',!" 'I»rr./ n -j'.ri-: •',rrt>tll <';omfpin;<'i with th^ riioWid*:^ — a result which I 
» n, ,i/'/,r'l/in^'- ^ilh l\\*- *rxfi<rrimf,-ntal data. In the case of the f 

' Kufh/rf/H'l tt.f,f\ HfAf\y, Phil, Matj. May 1903. 

' I hi*!' itr/'-*i'ulfr n la h'nmlU lU* SrUtm^!*, Paris 1902. p. So. 
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particles, the ionization is produced by a charged body atomic 
dze. It is reasonable to »uppuse that the maxivium number 
ions prtxinced by the a particles per cm. of their path cannot be 
iater than the number of muleciiles in a cylinder of twice the 
imeter of the molecule. The maximum number of iona produced 
r cm. of path in air at 1 mm. pressure cannot in consequence be 
sater than 84. The number per cm. at atmospheric pressure 
id temperatiu* will be 63,800. 

Now half the o rays from radium are absorbed in traversing 
75 cm. of air (section 92). The total number of iiina produced 

the rays is about the same as if the ionization at the sur&ce 
the active matter extended iiniformly for a distance of 1'09 cms. 
le number of ions produced on an average by each a jMirticle of 
lium cannot in eousequraice be greater than 70,000. 

The total number of ions produced tor 1 gram of radium is 
Hf'. This corresponds tfj an emisaion of 1'4 x 10" a particles from 
gram of radium per secfmd and an emission of energy of 70 gram- 
lories per hour. 

The approximate estimates by the three methods of the 
imber of a particles and the rate of emission of energy from 
gram of radium are. in good agreement. It may be concluded 
Lat from 1 gi'am of radium : — 

(1) about 10" a particles are projected per second ; 

(2) the rate of emission of energy in the form of a pai'ticles is 

probably equal to about 50 gram-calories per hour. 

These results will be found to be in harmony with the deduc- 
ions drawn from the observed heat emission of radium discussed 
the next section. 

Since radium bromide has an activity (measured by the a rays) 
f about 1,500,000 times uranium, it follows that the number of 
particles projected from 1 gram of thorium or uranium is only 
X 10"' of the number from radium. 

In the following table are given the probable number of a 
irticles projected per second and the rate of emi.ssion of energy 
I the form of a ijarticle.s from 1 gram fif each nf the three radio- 
tie men ts. 
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Uranium 
Thorium 
Radium 



Number of 

a particles 

per sec. 



70000 
70000 
10" 



Emission of energy 

in form of a rays 

per hoar 



3*6 X 10~* gram-caL 

3-5 X 10-* 

50 



Emission of energy 
per year 



»> 



»» 



*3 gram-caL 
3 
J 4*4 X 10* gram-cal. 



The rate of emission of energy in the form of B and 7 ra3r8 is 
probably about 1 per cent, of the above values. For a thin layer 
of a radio-element the amount of energy radiated into the air in 
the form of rays is for most cases about 10 per cent, of the above 
values. 

106. Heat emission of radium. P. Curie and Laborde^ 
first drew attention to the striking result that a radium compound 
kept itself continuously at a temperature several degrees higher 
than that of the surrounding atmosphere. Thus the energy 
emitted from radium can be demonstrated by its direct heating 
effect as well as by photographic and electric means. Curie 
and Laborde determined the rate of the emission of heat in 
two different ways. In one method the difference of tempera- 
ture was observed by means of an iron-constantin thermo-couple 
between a tube containing one gram of radiferous chloride 
of barium, of activity about 1/6 of pure radium, and an ex- 
actly similar tube containing one gram of pure barium chloride. 
The difference of temperature observed was 1*5° C. In order to 
measure the rate of emission of heat, a coil of wire of known 
resistance was placed in the pure barium chloride, and the strength 
of the electric current required in order to raise the barium to the 
same temperature as the radiferous barium was observed. In the 
other method, the active barium, enclosed in a glass tube, was 
placed inside a Bunsen calorimeter. Before the radium was intro- 
duced, it was observed that the level of the mercury in the stem 
remained steady. As soon as the radium, which had previously 
been cooled in melting ice, was placed in the calorimeter, the 
mercury column began to move at a regular rate. If the radium 
tube was removed, the movement of the mercury ceased. It was 



1 C. JR. 136, p. 673, 1903. 



nnd from these experimunts that thi' htiat emission from the 

gram of radii'erous baniim, containing' about 1/6 of ita weight of 

ire radium chloride, was 14 gram-caloiies per hour. Meaaure- 

ents were also made with 0'08 gram of pure I'adium chloride- 

e and Laborde deduced from these insults that 1 gram of pure 

adium emits a quantity of heat of abmit 100 gram-calories per 

This result was confirmed by the experiments of Runge and 

recht^ and others. As far as observation has at present gone, 

i rate of emission of heat is continuous and unchanged with 

se of time. Therefore, 1 gram of radium emits in the course of 

day 2400, and in the courae of a year, 876,000 gram -calories. 

be amount of heat evolved in the union of hydrtigen and oxygen 

I form 1 gram of water is 3900 gi-ani -calories. It is thus seen 

tat 1 gram of radium emits per day nearly as much energy aa is 

iquired to dissociate 1 gram of water. 

In some later experiments using 07 gram of pure radium 
K)iuide, P. Curie* found that the temperature of the radium 
idicated by a mercury thermometer was 3" C. above that of the 
■ounding air. This result was confirmed by Giesel who obtained 
difference of temperature of 5° C. with 1 gram of radium bromide. 
be actual rise fif temperature observed will obviously depend upon 

3 and nature of the vessel con- 
jning the radium. 

During their visit to England in 
W)3 to lectui-e at the Royal Insti- 
ition, M. and Mme Curie performed 
experiraents with Professor 
tewar, to test by another method the 
I of emission of heat from radium 
b very low temperatures. This method 
epended on the measurement of tbe 
EQOunt of gaa volatilized when a 
iium preparation was placed inside 
tube immersed in a liquefied gas 
^ftt its boiling point. The aiTange- 
Eoent of the calorimeter \a shown in 
^. 31. 
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inded upon the age of the radium preparation pointed to the 
idusion that the phenomenon of heat emission of radium was 
innected with the ladio-activity of that element. It had long 
n known that radium compounds increased in activity for about 
month after their preparation, when they reached a steady state. 
■ease of activity is due to the continuous production by the 
ium of the radio-active emanation or gas, which is occluded in 
radium compound and adds its radiation to that of the radium 
r. It thus seemed probable that the heating effect was in 
way connected with the presence of the emanation. Some 
experiments upon this point have been made recently by Ruther- 
ford and Barnes'. In order to measure the small amounts of heat 
emitted, a form of differential air calorimeter was employed. Two 
tsqual glass flasks of about 500 c,c. were filled with dry air at 
atmospheric pressure. These flasks were connected through a 
glass U-tube filled with xylene, which served as a manometer 
determine any variation of pressure of the air in the flasks, 
small glass tube, closed at the lower end, was introduced into 
me middle of each of the flasks. When a continuous source of 
heat was introduced into the glass tube, the air surrounding it was 
heated and the pressure was increased. The difference of pressure, 
when a steady state was reached, was observed on the manometer 
by means of a microscope with a micrometer scale in the eye- 
nece. On placing the source of heat in the similar tube in the 
Bther flask, the difference in pressure was reversed. In order to 
feeep the apparatus at a constant temperature, the two flasks were 
InimerHed in a water bath, which was kept well stirred. 
I Observations were first made on the heat emission from 30 
Biilligrams of radium bromide. The difference in pressure observed 
BD the manometer was standardized by placing a small coil of wire 
H known resistance in the place of the radium. The strength of 
■be current through the wire was adjusted to give the same differ- 
nce of pressure on the manometer. In this way it was found that 
mie heat emission per gram of radium bromide corresponded to 
K gram-calories per hour. Taking the atomic weight of radium 
K 226, this is equivalent to a rate of emission of heat from one 
Kam of metallic radium of 1 10 gram-calories per hour, 
I ' Nature, Oct. 39, 1903. Fhil Hag. Feb. ISOl. ^HH 
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Curve A shows the variation of the heat emission of the radium 

id curve B of the emanation. The sum total of the rate of beat 

of the radium and the emanation together, was at any 

found to be equal to that of the original radium. The maxi- 

lum heating effect of the tube containing the emanation from 30 

lligrama of radium bromide was V2Q gram-caloriea per hotir, 

'be emanation together with the secondary products which arise 

om it, obtained from one gram of radium, would thus give out 42 

nm-calories per hour. The emanation stored up in the radium 

thua responsible for more than two-thirds of the heat emission 

im radium. 

After removal of the emanation from radium, the activity, 

;easured by the a. rays, decays in the course of a few hours to a 

inimum of about 25 °l^ and then increases to its original value 

iter about a month's interval. At the same time, the apparent 

tivity of the emanation in a closed vessel increases to a maximum 

L the course of a few hours and then decays with time according 

I an exponential law, falling to half value in about four days. The 

1 decay of the activity of the radium, after removal of the 

imanation, ia due to the decay of the " excited activity " on the 

jftdium itself. The increase of the apparent activity of the emana- 

ion is due to the production of " excited activity " on the walls of 

ie containing vessel. The variation in heat emission of the radium 

I the emanation in both cases is approximately proportional to 

B activity measured by the a rays. It is not proportional to the 

itivity measured by the /3 or 7 rays, for the intensity of the $ 

id 7 rays falls nearly to zero when the a radiation of the radium 

at the minimum of 25 per cent. These results are thus 

accordance with the view that the heat emission of radium 

wmpaniea the expulsion of a particles, and is approximately 

oportional to the number expelled. 

107. Source or the energy. On the theoiy- of atomic dis- 

tegration advanced in section 87, this heat is derived, not from 

temal soiuxsea, but from the internal energy of the radium atom. 

le atom is supposed to be a complex system consisting of charged 

I in very mpid motion, and, in coi^equence, contains a i 
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experiments (about 5 °/q), no diflference in the heat emission was 
observed in the two eases. The only diflference between the 
experiments (1) and (2) is that in the latter the )9 rays are absorbed 
in the lead and add their heating eflfect to the radium. Since, 
however, the energy of the )9. rays is probably not more than 1 "/^ 
of that due to the a rays (section 103), no appreciable diflference is 
to be expected. The experiments of Runge and Precht are quite 
consistent with the view that the heating eflfect largely depends on 
the energy of the a rays. 

A further discussion of the heating eflfect of the emanation and 
of its secondary products is given in sections 163 and 181. 
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uranium and potaaaium is more luminous than hexagonal blende ^| 
under X rays, but the reverse is true for radium rara ; under the ^| 
nfluence of these rays, sulphide of calcium gave a blue luminosity ^| 
but was hardly affected by X rays. ^M 
The following table shows the relative phosphorescence excited ^| 
in various bodies. ^M 




SiihRUn™. ' Without BoreflQ. 


of bUok 
pspar 




Hexagonal blBude 1336 

Platino-cyanide of Ijarium , 1-99 

Diamond 114 

Calciiuu Fluoride 1 -30 

1 


■04 
■OB 
■01 
■31 

■02 


In the last column the in tensity 'with out the screen is in each ^^ 
case taken as imity. The great diminution of intensity after the ^M 
rayB have passed through black paper shows that most of the phos- ^M 
phorescence developed without the screen is, in the majority of ^M 
cases, due to the a rays. fl 

Bary' has made a very compl(?te examination of the class of 1 
substances which become luminous under radium rays. He found B 
that the great majority of substances belong to the alkali metals 
and aHcaline earths. All these substances were also phosphorescent 
under the action of X rays. 

Zinc sulphide (Sidot's blende) phosphoresces very brightly 
under the influence of the rays fi-om radium and other very active 
substances. This was observed by Curie and Debieme in their 
study of the radium emanation and the excited activity produced 
by it. It has also been largely used by Qiesel as an optical means « 
of detecting the presence of emanations from very active sub- 
stances. It is an especially sensitive means of detecting the 
presence of a rays, when it exhibits the " scintillating " property 
already discussed in section 88. In order to show the luminosity 
due to the a rays, the screen should be held close to the active 
substance, as the rays are absorbed in their passage through a few 

1 C. R. 130, p. 77«. 1900. 
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centimetres of air. Zinc sulphide is also huninoiis under the action 
of the )3 rays, bat the phosphorescence is &r more persiatent- than 
when produced by the a raya 

Platino-cyanide of barium fluoresces under the action of all 
three kinds of rays, but is especially suitable for a stndy of the 
fi and 7 rays. With a decigram of radium, the lunmiofiity on the 
screen can be seen at a distance of a metre from the radium. The 
rays produce quite an appreciable luminosity on the screen after 
their passage through the human body. The mineral willemite (zinc 
silicate) was recently found by Kunz to be an even more sensitive 
means of detecting the presence of the radiations than platino- 
cyanide of barium* It fluoresces a beautiful greenish colonr, and 
a piece of the mineral appears quite translucent under the action 
of the rays. Baskerville^ has recently shown that kunzite, a new 
variety of mineral spodumene discovered by Kunz*, becomes 
luminous when exposed to the action of radium rays and retains 
its luminosity for some time. 

Both zinc sulphide and platino-cyanide of barium diminish in 
luminosity after exposure for some time to the action of the rays. 
To regenerate a screen of the latter, exposure to solar light is 
necessary. A similar phenomenon has been observed by Yillard 
for a screen exposed to Rontgen rays. Giesel made a screen of 
platino-cyanide of radio-active barium. The screen, very luminous 
at first, gradually turned brown in colour, and at the same time 
the crystals became dichroic. In this condition the luminosity 
^was much less, although the active substance had increased in 
activity after preparation. Many of the substances which are 
luminous under the rays from active substances lose this property 
to a large extent at low temperatures. 

109. Luminosity of radium compounds. All radium 
compounds are spontaneously luminous. This luminosity is es- 
pecially brilliant in the dry haloid salts, and persists for long * 
intervals of time. In damp air the salts lose a large amount of 
their luminosity, but they recover it on drying. With very active 
radium chloride, the Curies have observed that the light changes 

1 Science, Sept. 4, 1903. 
3 Science, Aug. 28, 1903. 



I colour and intensity with time. Thti original luminosity is 
recovered if the salt ia dissolved and dried. Many inactive pre- 
arations of radiferous barium arc strongly luminous. The writer 
a seen a preparation of impure radium bromide which gave out 
, light sufficient to read by in a dark room. The luminosity of 
radium pemsts over a wide range of temperature and is as bright 
at the temperature of liquid air as at ordinary temperatures. A 
alight luminosity is observed in a solution of radium, and if crystals 
are being formed in the solution, they can be clearly distinguished 
in the liquid by their greater luminosity. 

110. Spectrum of the ptaosph orescent light of radium. 
Compounds of ratlium, with a large admixture of barium, are 
' usually strongly aelf-luminous. This luminosity decreases with 
■increasing purity, and pure radium bromide is only very feebly 
lelf-luminous. A spectroscopic examination of the slight phos- 
phorescent light of pure radium bromide has been made by Sir 
William and Lady Huggins'. On viewing the light with a direct 
vision spectroscope, there were feint indications of a variation of 
luminosity at difi'erent points along the spectrum. In order to get 
a photograph of the spectrum within a reasonable time, they made 
use of a quartz spectroscope of special design which had been 
previously employed in a spectroscopic examination of faint celestial 
objects. After three days' exposure with a slit of 1/450 of an inch 
in width, a negative was obtained which showed a number of 
bright lines. The magnified spectrum is shown in Fig. 33. The 
lines of this spectrum were found to agree not only in position but 
also in relative intensity with the band spectrum of nitrogen. The 
band spectrum of nitrogen and also the spark spectrum'^ of radium 
are shown in the same figure. 

Some time afterwards Sir William Crookes and Prof. Dewar* 
showed that this spectrum of nitrogen was not obtained if the 
radium was contained in a highly exhausted tube. Thus it 



I ■ Proc. Roy. Sae. 72, pp. 196 and 40U, 1908. 

■ The spark spectrnm of the radium bromide f 
o&lcioni and also ftiititl; same of the strong lines c 
lines of radium o( wave-lentrtha 3814-.W, 3fil9'7, i340'6 
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P THE KAUU-nOSS 

mppean iha» the •peetnun is dnr to the Mtaoa of tbe mdiom njv 
ntfapT on nednded ni lragga or the nitt t y em to the staiospbe» 
■armtiKliiig the radiiim. 

It i> very removable thst a phoapboreaeent light, tike thatifl 
ndnm bromide, nfaoidd show s bright line qiectnm of nitrog^^ 
It ifamn that rarliam at <Hdinaiy temjuerataieii is able to set «p 
radtaticiDS which are produced only In' tbe electric diadiaige onder 
upecial conditinns. 

Sir William and Ladr Hnggiits were led tr> examine I 
apectmcQ of the natiuAl pJioepborescent light of radinm with t 
hope that »04ne indications might thereby be obtained of tbt.l 
prooetMes oocorring in tbe radiam atuoa. Since the main [adiation 
fnjtD radium cooHJ-tttt of positively charged atoms projected with 
great velocity, radiationfi must be set up both in the expelled I: 
and in tbe system from which it escapes. Further experimraita 
thifl direction are much to be desired at the present time. 

111. Thermo-ltunineaceoce. E. Wiedemami and Schmidt' 
have shown that certain bodies after exposure to the eathodt; rays 
or thL' electric Kpark become luminoiui when they are heated to 
a temperature much bel'>w that required to cause iucandes 
This property of tberm'> luminescence is most strikingly exliibi 
in certain ca^es where two salts, one of which is much in excess o^ ■ 
the other, are precipitated together. It is to be expected that 
such bodies would also acquire the property when exposed to the 
or cathodic rays of radium. This has been found to be the c 
by Wiedemann*. Beequerel showed that fluor-spar, exposed to ti 
radium rays, was luminous when heated. The glass tubes in whj 
radium is kept are rapidly blackened. On heating the 1 
strong luminosity is observed, and the coloration to a large e 
disappeant. The peculiarity of many of these bodies lies i 
fact that the property of becoming luminous when heated is n 
for a long interval of time after the body is removed fr( 
influence of the exciting cause. It appears probable that t 
cause chemical changes in these bodiee, which are permanent n 
heat is applied. A portion of the chemical energy is then relai 
in the form of visible light. 

1 ll'ird. Aamd. 5H, p. B04, 189.5. '' Phy». Zeit. 'i, [ 
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112. Some electric effects. Radium rays have 
effect as ultra-violft light and Rontgen rays in incruasing the 
facility with which a spark passes between tileetrodes. Elster and 
Geitel' showed that if two electrodes were separated by a distance 
Buch that the spark just refused to pass, on bringing near a specimen 
of radium the spark at once paaaes. This effect is best shown with 
short sparks from a small induction coiL The Curies have ob- 
served that radium completely enveloped by a lead screen 1 cm. 
thick produces a similar action. The effect in that case is due to 
the 7 rays alone. This action of the rays can be veiy simply 
illustrated by connecting two spark-gaps with the induction coil in 
parallel. The spark-gap of one circuit is adjusted so that the 
discharge just refuses to pass across it, but passes by the other. 
When some radium is brought near the silent spark-gap, the spark 
at once passes and ceases in the other. 

Hemptimie^ found that the electrodeless discharge in a vacuum 
tube began at a higher pressure when a strong preparation of 
radium was brought near the tube. In one experiment the dis- 
charge without the rays began at 51 mms. but with the radium 
rays at 68 mms. The colour of the discharge was also altered. 

Himstedt' found that the resistance of selenium was diminished 
by the action of radium rays in the same way as by ordinary light. 

F. Henning^ examined the electrical resistance of a barium 
chloride solution containing radium of activity 1000, but could 
observe no appreciable difference between it and a similar pure 
solution of barium chloride. This experiment shows that the 
action of the rays from the radium does not produce any appreciable 
change in the conductivity of the bariiim solution. The amount 
of radium present was too small to obtain the relative conductivity 
of the radium and barium solution. 

Specimens of strongly active material have been employed to 
obtain the potential at any point of the atmosphere. The ionization 
due to the active substance is so intense that the body to which it 

1 Wied. Atmal. 69, p. 673, 1S99. 
» Phy«. Zeif. p. 478, 1900. 
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is attached rapidly takes up the potential of the air surrounding 
the active substance. In this respect it is more convenient and 
rapid in its action than the ordinary taper or water dropper, but on 
account of the disturbance of the electric field by the strong 
ionization produced, it is probably not so accurate a method as 
the water dropper. 

113. Effect on liquid and solid dielectrics. P. Curie^ 
made the very important observation that liquid dielectrics became 
partial conductors under the influence of radium rays. In these 
experiments the radium, contained in a glass tube, was placed in 
an inner thin cylinder of copper. This was surrounded by a con- 
centric copper cylinder, and the liquid to be examined filled the 
space between. A strong electric field was applied, and the current 
through the liquid measured by means of an electrometer. 

The following numbers illustrate the results obtained : 



Substance 


Conductivity in 
megohms per 1 cm.' 


Carbon bisulphide ... 
Petroleum ether 

Amyline 

Carbon chloride 

Benzene 

Liquid air 

Vaseline oil 


20x10-1* 
15 „ 
14 „ 

4 ,, 
1-3 „ 
1-6 „ 



Liquid air, vaseline oil, petroleum ether, amyline, are normally 
nearly perfect insulators. The conductivity of amyline and petro- 
leum ether due to the rays at — 17°C. was only 1/10 of its 
value at 0° C. There is thus a marked action of temperature on 
the conductivity. For very active material the current was pro- 
portional to the voltage. With material of only 1/500 of the 
activity, it was found that Ohm's law was not obeyed. 

The following numbers were obtained : 



Volts 


Current 


50 


109 


100 


185 


200 


255 


400 


335 



* C. B. 134, p. 420, 1902. 



For an increasn nt' vultage of 8 tlmeH, the current only ii 
about 3 times. The current in the liquid thus tends to become 
" saturated " as does the ordinary ionization current through a gaa, 
Thesf results have an important bearing on the ionization theory, 
and show that the radiation probably produces ions in the liquid as 
well as in the gas. It was als^j found that X rays increased the 
conductivity to about the same extent as the radium rays. 

Becquerel' has recently shown that solid parafSn exposed to 
the & and 7 rays of radium acquires the property of conducting 
electricity to a slight extent. After removal of the radium the 
conductivity diminishes with time according to the same law as for 
an ionized gas. These results show that a solid as well as a liquid 
and gaseous dielectric is ionized imder the influence of radium 



114. Effect of temperature on the radiatione. BecquereP, 
by the electric method, determined the activity of uranium at the 
temperatm* of liquid air, and found that it did not differ more 
than 1 per cent, from the activity at ordinary temperatures. In 
his experiments, the a rays from th« uranium were absorbed before 
reaching the testing vessel, and the electric current measured was 
due to the /3 rays alone. P. Curie' found that the luminosity of 
radium and its jwwer of excitiag fluorescence in bodies were 
retained at the temperature of liquid air. Observations by the 
electric method showed that the activity of radium was unaltered 
at the temperature of liquid air. If a radium compound is heated 
in an open vessel, it is found that the activity, measured by the 
a rays, falls to about 25 per cent, of its original value. This is 
however not due to a change in the radio-activity, but to the 
release of the radio-active emanation, which is stored in the 
radium. Nu alteration is observed if the radium is heated in 
a closed vessel where none of the radicj-iictive products are able 
to escape. 



' c.B. 136, p. 1173, 19n,S. 
a c. s. laa, p. 199. 1901. 
' Soci^td de Physique, Uarch 2, 
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Chemical (wtions, 

116. Rays from active radium preparations change oxygen 
into ozone ^•'. Its presence can be detected by the smell or by the 
action on iodide of potassium paper. This effect is due to the 
a and ^ rays from the radium, and not to the luminous rays from 
it. Since energy is required to produce ozone from oxygen, this 
must be derived from the energy of the radiations. 

The Curies found that radium compounds rapidly produced 
coloration in glass. For moderately active material the colour 
is violet, for more active material it is yellow. Long continued 
action blackens the glass, although the glass may have no lead in 
its composition. This coloration gradually extends through the 
glass, and is dependent to some extent on the kind of glass used. 

GieseP found that he could obtain as much coloration in rock- 
salt and fluor-spar by radium rays, as by exposure to the action of 
cathode rays in a vacuum tube. The coloration, however, extended 
much deeper than that produced by the cathode rays. This is to 
be expected, since the radium rays have a higher velocity, and 
consequently greater penetrating power, than the cathode rays 
produced in an ordinary vacuum tube. Goldstein observed that 
the coloration is far more intense and rapid when the salts are 
melted or heated to a red heat. Melted potassium sulphate, 
under the action of a very active preparation of radium, was 
rapidly coloured a strong greenish blue which gradually changed 
into a dark green. 

The cause of these colorations by cathode and radium rays 
has been the subject of much discussion. Elster and Geitel' 
observed that a specimen of potassium sulphate, coloured green by 
radium rays, showed a strong photo-electric action, i.e. it rapidly 
lost a negative charge of electricity when exposed to the action of 
ultra-violet light. All substances coloured by cathode r?iys show 
a strong photo-electric action, and, since the metals sodium and 
potassium themselves show photo-electric action to a very remark- 
able degree, Elster and Geitel have suggested that the colorations 
are caused by a solid solution of the metal in the salt. 

1 S. and p. Curie, G. R. 129, p. 823, 1899. 

* Giesel, Verhandlg, d. d. phys. Ges. Jan. 6, 1900. 

« Phys, ZeiU p. 113, No. 3, 1902. 
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Although the coloratiun due tu mdium rays extends deeper 
than that due to the cathode rays, when exposed to light the 
colour fades away at about the same rate in the two cases. 

Becquerel' found that white phosphorus is changed into the 
red variety by the action of radium rays. This action was shown 
to be due mainly tv the fi rays. The secondary radiation set up 
by the primary raya also produced a marked effect. Radium rays, 
like ordinary light rays, also caused a precipitate of calomel in the 
presence of oxalic acid. 

Hardy and Miss Willcock' found that a solution of iodoform in 
chlorofonu turned purple after exposure for 5 minutes to the rays 
from 5 milligrams of radium bromido. This action is due to the 
liberation of iodine. By testing the effect of screens of different 
thicknesses, ovt^r the radium, this action was found to be mainly 
. due to the /S rays from the radium. Rontgen rays produce a 
similar coloration. 

Hardy' also observed an action of the radium rays on the 
coagulation of globulin. Two solutions of globulin from ox serum 
were used, one made electro-positive by adding acetic acid, and the 
other electro-negative by adding aniinonia. When the globulin 
was exposed close to the radium in naked drops, the opalescence of 
the electro-positive solution rapidly diminished, showing that the 
solution became more complete. The electro-negative solution was 
rapidly turned to a jelly and became opaque. These actions were 
found to be due to the a rays of radium alone. 

This is further evidence in favour of the view that the a rays 
consist of projected positively charged bodies of atomic dimensions, 
for a similar coagulation effect is produced by the metallic ions of 
liquid electrolytes, and has been shown by W. C. D. Whethaio* to 
be due to the electric chaises carried by the ions. 

116. Oaaei eTOlved fi-om radium. Curie and Debieme* 
observed that radium prejwirationa placed in a vacuum tube con- 
tinually lowered the vacuum. The gas evolved was always accom- 

' C. B. 133, p. 709. 1901. 

' I'roc. Rvy. Snc. 72, p. aOO. 1003. 

" Pnie. Phyiinhg. Soe. May 16, 1903. 

• Phil. Hag. Nov. lHfl9 ; . rfcrori/ of SoluH.m, Catiib. UI02, p. 396. 

' C. R. 132, p. 7ti», 1901. 
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Care has to be taken in handling radium on account of the 
painful inflammation set up by the rays. If a finger is held for 
minutes at the base of a capsule coDtaining a radium prepara- 
tion, the skin becomes inflamed for about 15 days and then peels 
off. The painful feeling does not disappear for two months. 

Danysz' found that this action is mainly coniined to the akin, 
and does not extend to the underlying tissue. Caterpillars sub- 
jected to the action of the rays lost their power of motion in 
several days and finally died. 

Badium rays have been found beneficial in certain cases of 
cancer. The effect is apparently similar to that produced by 
Rontgen rays, but the use of radium possesses the great advantage 
that the radiating source can be enclosed in a fine tube and intro- 
duced at the particular point at which the action of the rays is 
required. The rays have also been found to hinder or stop the 
development of microbes'. 

Another interesting action of the radium rays has been ob- 
served by Giesel. On bringing up a radium preparation to the 
closed eye. in a dark room, a sensation of diffuse light is observed. 
This effect has been examined by Himstedt and Nagel' who have 
shown that it is due to a fluorescence produced by the rays in the 
eye itself. The blind are able to perceive this luminosity if the 
retina is intact, but do not do so if the retina is diseased. Hardy 
and Anderson' have recently examined this effect in some detail. 
The sensation of light is produced both by the ^ and 7 rays. The 
eyelid practically absorbs all the j3 ray^, ao that the luminosity 
observed with a closed eye is due to the 7 rays alone. The lens 
and retina of the eye are strongly phosphorescent under the action 
of the ^ and 7 rays. Hardy and Anderson consider that the 
luminosity observed in a dark room with the open eye (the phos- 
phorescent tight of the radium itself being stopped by black paper) 
is to a large extent due to the phosphorescence set up in the 
eyeball. The 7 rays, for the most part, produce the sensation of 
light when they strike the retina. 

' C. H, 13G. p. 4H1, 1903. 

' AEohkinmas and CaHpari, Arch. d. Ga. Phyaioiogie. «6, p. U03, 1901. 

' Druih-i. Aimal. 4, p, 537, 1901. 

* Ftdc. Roy. S.JC. 72, p. 393, 1903. 
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11^ IfiRMtaBB X. The e rpm rn mi R >f Ifcne Carie shuw 
nhflf*: nh^ rTwiio-?irnvity ■>/ iraiiiiini ami Tuimm is an atXMnic pii£iii>> 
m^rnon. T(\c, aerivitjr of anjr iinuiiuui compimDfi <iepe9d» .jnly m 
th^ ;wnonTif> of ^hai5 ^^lement pres^ic. and is anaideeteti br is 
f^#rmi/%l ^>^^mbriiation with orfier xLbfiGaiK». and is not appcedablv 
;rfP>#^,M by jrirff; TariAtions; of t^empezanire^ It ^ioixld rhns se«n 
proh#*Kle, ^nee the activity of rnaninni is a specific propGi^ ot 
the <^iement, th«t the activity wold not be sepauased &om it bv 

It^ 1 dOO, however, Sir WilUam Crookea^ :^iowed tdiac, bv a ^ngie 
r*hewi<*^l operation, araninm coold be obtsdned photogri!aphicaIIy 
ina^jv^ while the whole of the activity could be coaiceiitrafed 
in ?* Mmall rf^ridne free from nraniimu This reaidae, t*> which 
he ^av^^i the name UrX, wa« many hundred times more active 
(>hot/>^aj>hieally, weight for weight, than the uranium from which 
it, ha^f \f('pr\ 5«eparate^l. The method employed for this separatiun 
wa« tA pr<'/npitate a .vJntion of the uranium with ammonium car- 
I'lOnaf/-. (yr\ diwv>lving the precipitate in an excess of the reagent, a 
I igh t pr^Ai^itAtH remained behind. This was filtered, and constituted 
tho. f/VX, The active »nb«tance UrX was p^bably {Mi^sent in 
vf:ry wrnal) ^jnantity, mixed with impurities derived from the 
firanirirrh No new )in^;» were observed in its spectrum. A par- 
f,mi mfrnrfit'um (ff the activity of uranium was also effected bv 
nfUfiht-r ifwthtfd. (/ryHtalIi»;d uranium nitrate was dissolved in 
f'thor, wh^r» it wfiA found that the uranium divided itself between 
thf ether and wat^^r |»re«W!nt in two unequal fi:actions. The small 
(flirt/ diwwflved in the wat^-T layer was found to contain practically 

' Proe. Hoy. Hoc. 66, p. 409, 1900. 
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all the activity when examined by the photographic method, while 
the other fraction was almost inactive. These results, taken by 
themselves, pointed very strongly to the conclusion that the 
activity of uranium was not due to the element itself, but to 
some other substance, associated with it, which had distinct 
chemical properties. 

Results of a similar character were observed by Beequerel'. 
It was found that barium could be made photographically very 
active by adding barium chloride to the uranium solution and 
precipitating thi? barium as sulphate. By a succession of preoipi- 
tationa the uranium was rendered photographically almost inactive, 
while the barium was strongly active. 

The inactive uranium and the active barium were laid aside; 
but, on examining them a year later, it was found that the vrantum 
had completely regained its activity, while that of the barium had 
co'tripldely disappeared. The loss of activity of uranium was thus 
only temporary in character. 

In the above experiments, the activity of uranium was examined 
by the photographic method. The photographic action produced 
by uranium is due almost entirely to the /3 rays. The a raya, in 
comparison, have little if any effect. Now the radiation from Ur X 
consists entirely of Q rays, and is consequently photographically 
veTy active. If the activity of uranium had been measured 
electrically without any screen over it, the current observed would 
have been due very largely to the a rays, and httle change would 
have been observed after the removal of Ur X, since only the con- 
.stituent responsible for the ^ rays was removed. This important 
point is discussed in more detail in section 189. 

119. Thorium X. Rutherford and Soddy', working with 
thorium compounds, found that an intensely active constituent 
could be separated from thorium by a single chemical operation. 
If ammonia is added to a thorium solution, the thorium ia precipi- 
tated, but a large amount of the activity is left behind in the 
filtrate, which is chemically free irom thorium. This filtrate was 
evaporated to dryness, and the ammonium salts driven off by 



81, (ip. 321ftndK37. 19U3, 



180 CONTINUOUS PRODUCTION OF RADIO-ACTIVE MATTER [CH. 

ignition. A small residue was obtained which, weight for weight, was 
in some cases several thousand times more active than the thorium 
from which it was obtained, while the activity of the precipitated 
thorium was reduced to less than one half of its original value. 
This active constituent was named Th X from analogy to Crookes' 
UrX. 
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Fig. 34. 

The active residue was found to consist mainly of impurities 
from the thorium ; the Th X could not be examined chemically, 
and probably was present only in minute quantity. It was also 
found that an active constituent could be partly separated from 
thorium oxide by shaking it with water for some time. On 
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BEltering the water, and evaporating down, a very active re 
Hfras obtained which was analogous in all respects to Th X. 
H On examining the products a, month later, it was found 
Ktho Th X was no longer active, while the thorium had comp 

undertaken to examine the time-rate of these proceBBes of 
and recovery of activity. 

The results are shown graphically in Fig. 34, where the 
activity of the thorium and the initial activity of the Th S 
each case taken as 100. The ordinates represent the acti 
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iftif ir.H ai^vitv. Thifi rimA-ia eacti (*aiie> la abour tbor >iftre. Thf 

■ifiy 2ivpn :nt.**rrai. i*i :iii|iinxii]]aseiT «^iial ^o uhe oieeeiiiaL^e- rsn^ 
ooririon « ^t* t-K**- imvitv Uiwir hv *:he TR X « tmizu;^ ^le Home- inxervaL 
If 'h*> i-pTovPTT •nrvP' .3 oniftnoect :;MwkwBids ul i±e- aomuki 
-iirPTtion "•> m*?^ "he -♦^mca* ua& in «ioe» se ;tt w m in if num ,>f 
25 i>*r ^pnt., .inci ~he ihove- f^ncinauins iioid mote- .-becuzaffieiT; if di*? 
:'w?ov.>rc :i» iMvnmpft to -Jtarr ^mn. 'his Tninimunn Ttds- i* •:!ieBiJv 
-ihown Wv Pi^ "^ vtipnv 'he narepfrrawppa '>t .usiiviLv reeoinBieft 
rpf^koTiPfi Trvm -hi*- 15 oer ^POtL nmnimnm ;iie oioiTCed a» <fRlxzDKOe». 
In *-h#» -iftm** n^TP^ "h** ieeav *Tirrf^. .ixber Tiie ieeond 'iajr, ia> :iju>wii 
oTi "h** -«»fn»> -irat**, Thtv i«rivirr »t ~he TRi-ieeavs .vLbk tilie time 
^w^rH^rHini^ *:<> wi ^^^oionentiai iaw. raulint^ o) haif vaine til dbem 
roiir lAvs. If /"n IS 'he initial ustiviiv uui ii ia tiie . Mriiv llv after 

4- 

/;"■ 

vh^T^ <, in >t .^onstMit uui ^ ^fae oacmaL base <)£ l&t&aErcfani& The 
rny^Timf'ntflti ^:irre >t' *;he rise- >t ictivitv troin a mimimiiii m a 
.T>flfyimi]m -^iiif is 'heretore -xDrpswefi by die eqnadon 

vh^r^* /. ,« *:he ^monni; of -iciivitv reeov^ied wliea ufaft^ ^icsue ot' 
'V>n«t;*nt ;kr,*iv;tr is reacheti. ami T*- die ;M!iiivLLv rec«:)viered after 



120. VraataflU X. Similar rea^ta were obtaiiiied when 
'}r^.mnm ■Mr-;^f^ ^-x^vmmf-A. The UrX was separaiKd by Becquerels 
rA*>t.hf/l --ff ^n^/vi5^Hi7•=; preeipitadtins with bariTiiEL The decay of 
th^, v»-p«rj».f/'d i^Ativity and the recovery of the lost actiTity are 
aih^/'^rr jfMj>hir^^lly m Fig: 3#5. A mi-jre detailed dtscnaeioD «rf this 
^)(fr^f'}fhf^if, »«< j(i7-«flr> in sviction 189. 

Th^ f'urvf-A f4 fU'/'Ay anrl recovery exhibit the same peculiarities 
flifr/J <-ftrr >^', ^,x\mim^'A \fy the ^eune eqoations as in the case of 
ffhft'inut. 't}ff', t,froe-rat>5 fjf decay and recovery is, however, much 
nhfWf'f iimu ttrr ihtniuw, the activity of the UrX fEdling to half its 
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A large number of results of a similar chai-acter havtr beeu 
obtained from other radio-active products, separated from the 
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radio-elements, but the cases of thorium and uranium will suffice 
for the present to form a basis for the discussion of the processes 

that arc taking place in radio-active bodies. 

121. Theory of the phenomena. These processes of decay 

and recovery go on at exactly the same rate if the substances are 
removed from the neighbourhood of one another, or enclosed in 
lead, or placed in a vacuum tube. It is at first sight a remark- 
able phenomenon that the processes of decay and recovery should 
■ be so intimately connected, although there is no possibility of 
I mutual interaction between them. These results, however, receive 
|« complete explanation on the following hypotheses: — 
k (1) That there is a constant rate of production of fresh 

I radio-active matter by the radio-active body. 

I (2) That the activity of the matter decreases according to 

I an exponential law with the time from the moment 

k of its formation. 

m Suppose that q^ particles of new matter are produced per second 
Krom a given mass of matter. The rate of emission of enei^ due 
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to the porticleB produccKl in the time dt, is, at the momeatii 
formation, L^qual to Kq^dt where K is & constant. 

It Ih required to find the activity due to the wholi! b 
jinxiuced after the pnM:e.88 has continued for a time f. 

The activity dl, due to the matter produced during the m 
at the time (, decays according to an exponential law duriq^ 
biuR^ T~t that elapses before its activity is estimated. a 
conHeqiieiice ia given by 

where X is the constant of decay of activity of the active t 
The activity /( due to the whole matter produced in the tin 
thus given by 



I.'[Kq,e- 



^f-Odt 



The ju!tivity reache« a mjuiimum vahie/„ when Tistctj 
(J in then given by 



ThuB ^' = i_e-*r 

This equation agrees with the experimental results & 
recovery of lost activity. 

A state of equilibrium is reached when the rate of 1 
activity of the matter already produced is balanced by the ai 
supplied by the production of new active matter, Accori 
this view the radio-active bodies are undergoing change, bl 
activity remains constant owing to the action of two on 
processes. Now if this active matter can at any time be! 
rated from the Hubstance in which it is produced, the de 
its activity, as a whole, should follow an exponential la» 
1 time, since each portion of the matter decreases in ai 
ing to an exponential law with the time, whatever ii 
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lay be. If I,, is the initial activity of the sepai-ated pivduct, the 
ictivity Ii after an interval t is given by 
/,_ _^, 

Thus, the two assumptions cif uniform pi-odnction of active 
blatter and the decay of its activity in an exponential law from 
3ie moment of its formation aatisfectoriJy explain the relation 
Jetween the curves of decay and recovery of activity. 

122. Experimental evittence. It now remains to consider 
urther experimental evidence in support of these hypotheses. The 
brimary conception is that the radio-active bodies are able to 
iduce from themselves matter of chemical properties different 
•om those of the substance that produces it, and that this process 
[oes on at a constant rate. This new matter initially possesses 
phe property of activity, and loses it according to a definite law. 
The fact that a proportion of the activity of radium and thorium 
2 be concentrated in small amounts of active matter like Th S 
for Ur X does not, of itself, prove directly that a material con- 
■Btituent responsible for the activity has been chemically separated. 
■■For example, in the case of the separation of Th S from thorium, 
lit might be supposed that the non-thorium part of the solution is 
i^ndered temporarily active by its association with thorium, and 
|that this property is retained through the processes of precipita- 
tion, evaporation, and ignition, and finally manifests itself in the 
sidue remaining. According to this view it is to be expected 
hihat any precipitate capable of removing the thorium completely 
3 solution should yield active residues similar to those ob- 
Btained from ammonia. No such case has however been observed. 
I^or example, when thorium nitrate is precipitated by sodium or 
mmonium carbonate, the residue from the filtrate after evapora- 
ition and ignition is free from activity and the thorium carbonate 
[obtained has the normal amount of activity. In fact, ammonia is 
ihe only reagent yet found capable of completely separating Th X 
from thorium. A partial separation of the Th X can be made by 
.shaking thorium oxide with water owing to the greater s-jhibility 
of Th X in water. 

Thorium and uranium behave quite differently with regard to 



the action of aminoma and amiuoniiim carbonate, Ur X i 
pletely precipitated with the uranium in an ammonia siilutial 
and the filtrate la inactive. Ur X is separated by ammonium 
carbonate, while Th X under the same conditions is completely 
precipitated with the thorium. The Ur X and the Th X thus | 
behave like distinct types of matter with well-marked chetn 
properties quite distinct from those of the substances in ^ 
they are produced. The removal of Ur X by the precipitatiOD 
of barium is probably not directly connected with the chemios 
properties of Ur X. The separation is probably due to 
dragging down of the Ur X with the dense barium precipita 
Sir Wilham Crookes found that the Ur X was dragged down I 
precipitates when no question of insolubility was involved, 
such a result is to be expected if the Ur X exists in extrem 
minute quantity. It must be borne in mind that the i 
amoimt of the active constituents Th X and Ur X, separated f 
thorium and uranium, is probably infinitesimal, and that I 
greater proportion of the residues is due to impurities pre 
in the salt and the reagents, a very small amount of active mabUI 
being mixfd with them. 

123. Rate of production of Th X. If the rt^covery 
the activity of umnium or tborium is due to the continuous 
production of new active matter, it should be possible to obtain 
experimental evidence of the process. Aa the case of thoiium 
has been moat fully inveatigated, a brief account will be given 
some experiments made by Rutherford and Soddy' to show 
Th X is produced continuously at a constant rate. Freliminaijt' 
experiments showed that three successive precipitations were suf- 
ficient to remove the Th X almost completely from the thorium. 
The general method employed was to precipitate a solutiou a£- 
5 grams of thorium-nitrate with ammonia, The precipitate 
then redissolved in nitric acid and the thorium again preci] 
as before, as rapidly as possible, so that the Th X produced in 
time between successive precipitations should not appi 
affect the reaults. The removal of the Th X was followed 
raeaaurements of the activity of the residues obtained from 
' Phil. Mas- Sept, 1909. 
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e filtrates. In three successive precipitations the activities of 
^e residues were proportional to 100, 8, 1'6 respectively, Thus two 
precipitations are nearly sufficient to free the thorium from Th X, 
The thorium freed from Th S was then allowed to stand for 
% definite time, and the amount of Th X formed during that time 
found by precipitating it, and measuring its radio-activity. Ac- 
bording to the theory, the activity // of the thorium formed in the 
time t is given by 



where I^ is the total activity of Th X, when there is ra,dio-a 
equilibrium. 
If X( is small, 



Since the activity of Th X falls to half value in 4 days, the 
value of \ expressed in hours ="-O072. After standing a period 
F 1 hour about 1/140, after 1 day 1/6, after 4 days 1/2 of the 
maximum should be obtained. The experimental results obtained 
'showed an agreement as goixJ as could be expected, with the equa- 
,tion expressing the result that the Th X was being produced at 
I constant rate. 

The thorium-nitrate which had been freed from Th X was 
allowed to stand for one month, and then it was again subjected 
to the same process. The activity of the Th X was found to be 
%he same as that obtained from an equal amount of the original 
thorium-nitrate. In one month, therefore, the Th X had been 
regenerated, and had reached a maximum value. By leaving the 
thorium time to fiilly recover its activity, this process can be re- 
peated indefinitely, and equal amounts of Th X are obtained at 
each precipitation. Ordinary commercial thorium-nitrate and the 
purest nitrate obtainable showed exactly the same action, and 
equal amounts of Th X could be obtained from equal weights. 
3?he8e processes thus appear to be independent of the chemical 
purity of the substance'. 

' The general method of regarding the subject would be unehanRed, even Lf 
e proved lliat the radio-activity of thoriTiin ie not dna to thorium at all but t( 
it amount of a radio-activfi impnritj mixed with it. 



188 CONTINUOUS PRODUCTION OF RADIO-ACTIVE MATTER [CH. 

The process of the production of Th X is continuous, and no 
alteration has been observed in the amount produced in the given 
time after repeated separations. After 23 precipitations extending 
over 9 days, the amount produced in a given interval was about 
the same as at the beginning of the process. 

These results are all in agreement with the view that the 
Th X is being continuously produced from the thorium compound 
at a constant rate. The amount of active matter produced from 
1 gram of thorium is probably extremely minute, but the elec- 
trical effects due to its activity are so large that the process of 
production can be followed after extremely short intervals. With 
a sensitive electrometer the amount of Th X produced per minute 
in 10 grams of thorium-nitrate gives a rapid movement to the 
electrometer needle. For larger intervals it is necessary to add 
additional capacity to the system to bring the effects within range 
of the instrument. 

124. Rate of decay of activity. It has been shown that 
the activity of Ur X and Th X decays according to an exponential 
law with the time. This, we shall see later, is the general law of 
decay of activity in any type of active matter, obtained by itself, 
and freed from any secondary active products which it may, itself, 
produce. In any case, when this law is not fulfilled, it can be 
shown that the activity is due to the superposition of two or 
more effects, each of which decays in an exponential law with 
the time. The physical interpretation of this law still remains 
to be discussed. 

It has been shown that in uranium and thorium compounds 
there is a continuous production of active matter which keeps the 
compound in radio-active equilibrium. The changes by which 
the active matter is produced must be chemical in nature, since 
the products of the action are different in chemical properties 
from the matter in which the changes take place. The activity 
of the products has afforded the means of following the changes 
occurring in them. It now remains to consider the connection 
between the activity at any time, and the amount of chemical 
change taking place at that time. 

In the first place, it is found experimentally that the saturation 
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ionization current it, after the active product has been allowed to 
decay for a time t, is given by 

where io is the initial saturation current and X the constant of 
decay. 

Now the saturation current is a measure of the total number 
of ions produced per second in the testing vessel. It has already 
been shown that the a rays, which produce the greater proportion 
of ionization in the gas, consist of positively charged particles 
projected with great velocity. Suppose for simplicity that each 
atom of active matter, in the course of its change, gives rise to 
one projected a particle. Elach a particle will produce a certain 
average number of ions in its path before it strikes the boundaries 
or is absorbed in the gas. Since the number of projected particles 
per second is equal to the number of atoms changing per second, 
the number of atoms % which change per second at the time t is 
given by 

Wo 

where n© is the initial number which change per second. On this 
view, then, the law of decay expresses the result that the number 
of atoms changing in unit time, diminishes according to an ex- 
ponential law with the time. The number of atoms Nt which 
remain unchanged after an interval t is given by 



N, 



= I Utdt 



= — e ^. 



If No is the number of atoms at the beginning, 



_«„ 



Thus $ = e-*' (1), 

or the law of decay expresses the fiict that the activity of a pro- 
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duct at any time is proportional to the number of atoms which 
remain unchanged at that time. 

This is the same as the law of mono-molecular change in 
chemistry, and expresses the &ct that there is only one changing 
sjrstem. If the change depended on the mutual action of two 
systems, the law of decay would be different, since the rate of 
decay in that case woidd depend on the relative concentration 
of the two reacting substancea This is not so, for there is not 
a single case yet observed in which the law of decay was affected 
by the amount of active matter present. 

From the above equation (1) 

or the number of systems changing in unit time is proportional to 
the number unchanged at that time. 

In the case of recovery of activity, after an active product has 
been removed, the number of systems changing in unit time, when 
radio-active equilibrium is produced, is equal to XiVo. This must 
be equal to the number qo of new systems supplied in unit time, or 

and ^ "^ ^ ' 

\ has thus a distinct physical meaning, and may be defined as 
the proportion of the total number of systems present which 
change per second. It has a different value for each type of 
active matter, but is invariable for that particular type of matter. 
For this reason, \ will be termed the ''radio-active constant" of 
the product. 

126. Influence of conditions on the rate of decay. 

Since the activity of any product, at any time, may be taken as 
a measure of the rate at which chemical change takes place, it 
may be used as a means of determining the effect of conditions 
on the changes occurring in radio-active matter. If the rate of 
change should be accelerated or retarded, it is to be expected 
that the value of the radio-active constant \ would be increased or 



decreased, i.e. that the decay curve would be tiifferent under 
different conditions. 

No such effect, however, has yet been observed in any case of 
radio-active change, where none of the active products produced 
are allowed to escape from the system. The rate of decay is 
unaltered by any chemical or physical agency, and in this respect 
the changes in radio-active matter are sharply distinguiBhed from 
ordinary chemical change. For example, the ratt' of decay of 
activity fiT>ni any product takes place at the same rate when the 
substance is exposed to light as when it is kept in the dark, at 
the same rate in a vacuum as in air or any other gas at atmo- 
spheric preasm'e. Its rate of decay is unaltered by surrounding 
the active matter by a thick layer of lead under conditions where 
no ordinary radiation from outside can affect it. The activity of 
the matter is imaflrected by ignition or chemical treatment. The 
material giving rise to the activity can be dissolved in acid and 
re-obtained by evaporation of the solution without altering the 
activity. The rate of decay is the same whether the active 
matter is retained in the solid state or kept in solution. When 
a product has lost its activity, wssolution or heat does not re- 
generate it, and as we shall see later, the rate of decay of the 
active products, so far examined, is the same at a red heat as at 
the temperature of liquid air. In feet, no variation of physical or 
chemical conditions has led to any observable difference in the 
decay of activity of any of the numerous types of active matter 
which have been examined. 

126. Effect of conditions on the rate of recovery of 

activity. The recovery of the activity of a radio-element with 
time, when an active product is separated from it, is governed by 
the rate of production of fresh active matter and by the decay of 
activity of that already produced. Since the rate of decay of the 
activity of the separated product is independent of conditions, the 
rate of recovery of activity can be mixhfied only by a change of 
the rate of production of fresh active matter. As far as experi- 
menta have gone, the rate of production, like the rate of decay, is 
independent of chemical or physical conditions. ITiere are indeed 
certain cases which are apparent e.tceptions to this rule. For 



Il>2 coNTnrrors PRonrcnow of RADio-Acnvm xaitmr [ch. 

example, the eficape of the radiivActive emanatdons firom fehfWTmn 
and radium Ls readilv affect>>d bv heat, moiscnre and ^ixtioiL 
A more thrirongh inve^ttigation. however, shows that the excep- 
tion iH only apparent and not real. These cases will be discnssed 
more in detail in chapter YTII, bnt it may be stated heie that 
the differences observed are due to differences in the rate of escape 
of the emanations into the surrounding gas, and not to dififereoces 
in the rate of production. For this reason it is difficnlt to test the 
question at issue in the case of the thoriuni comporrnds^ which 
in most cases readily allow the emanation produced by them to 
escape into the air. 

In orrler to .show that the rate of production is independent 
of molecular state, temperature, etc., it is necessary in soch a 
case to undertake a long series of measurements extending 
over the whole time of recovery. It is impossible to make acca- 
rate relative comparisons to .see if the activity is altered by the 
cr>nversion of one compound into another. The relative activity 
in such a case, when measured by spreading a definite weight of 
material uniformly on a metal plate, varies greatly with the physical 
c^mditions of the precipitate, although the total activity of two 
c/)mp<^)undft may be the same. 

The following methofl* offers an accurate and simple means 
of studying whether the rate of production of active matter is 
influenced by molecular state. The substance is chemically oHi- 
v(rrtf;d into any compound required, care being taken that active 
pHxlucts are rec^>vered during the process. The new compound is 
then spFfjarl on a metal plate and compared with a standard sample 
of uranium for several days or weeks as required. K the rate of 
pTfxluction of active matter is altered by the conversion, there 
should b(; an increase or decrease of activity to a new steady value, 
where the, j)roduction of active matter is again balanced by the 
rate of decay. This method has the great advantage of being in- 
(lejMjndfjnt of the physical condition of the precipitate. It can be 
applied witisfactorily to a compound of thorium like the nitrate 
and the- oxide; which has been heated to a white heat, after which 
tn^atinc^Tit only a slight amount of emanation escapes. The nitrate 
was conv(a't;(»(l into the oxide in a platinum crucible by treatment 

1 Rutherford and Soddy, l?h\l, Mag, Sept. 1902. 



with sulphuric acid and ignition to a white heat. The oxide so 
obtained was spread on a plate, but no change of its activity was 
observed with time, showing that in this case the rate of produc- 
tion was independent of molecular state. This method, which is 
limited in the case of thorium, may be applied generally to the . 
uranium compounds where the results are not complicated by the 
presence of an emanation. 

No differences have yet been observed in the recovery curves \ 
of different thorium compounds after the removal of Th X. For j 
example, the rate of recovery is the same whether the precipitated I 
hydroxide is converted inUi the oxide or into the sulphate. 

127. Dislntegratioii hypotbesls. In the discussion of the 
changes in nwiio-active bodies, only the active products Ur X 
and Th X have been considered. It will, however, be shown later 
that these two product*) ai'e only examples of many other types of 
active matter which are produced by the radio-elements, and that 
each of these types of active matter has definite chemical as well 
as radio-active properties, which distinguish it, not only from the 
other active products, but also from the substance from which it 
is produced. 

The frill investigation of these changes will be shown to verify 
in every particular the hypothesie that radio-activity is the ac- 
companiment of chemical changes of a special kind occurring in 
matter, and that the constant activity of the radio-elements is 
due to an equilibrium process, in which the rate of production of 
fresh active matter balances the rate of change of that already 
formed. 

The nature of the process taking place in the radio-elements, 
in order to give rise to the production at a constant rate of new 
kinds of active matter, will now be considered. Since in thorium 
or uranium compounds there is a continuous production of radio- 
active matter, which differs in chemical properties from the parent 
substance, some kind of change must be taking place in the radio- 
element. This change, by which new matter is produced, is very 
different in character from the molecular changes dealt with in 
chemistry, for no chemical change is known which proceeds at the I 
same rate at the temperatures corresponding to a red heat and 1 
S. K..A. \^ ^ 






U) liquid air, Had is independent of all physical and chemj 
actions. If, however, the production of active niattei- is sup] 
to be the result of changes, not in the molecule, but in the 
itself, it is not to be expected that the temperature would 
much influence. The general experience of chemistry in felling-' 
to transform the elements by the action of temperature ia itself 
strong evidence that wide rang^es of t(jmperature have not much 
effect in altering the stability of the chemical atom. 

The view that the atoms of the radio-elements are under| 
spontaneous disintegration was put forward by Mr fioddy and 
writer as a result of evidence of this character. The discovery of 
the material nature of the a rays added strong confinnation to 
the hypothesis; for it has been pointed out (section 87) that the 
expulsion of a particles must be the result of a disiutegratii 
of the atoms of the radio-element. Taking the case of thoril 
as an example, the processes occurring in the atom may 
pictured in the following way. It must be Kupposed that 
thorium atoms are nut permanently stable systems, but, on 
average, a constant small proportion of them — about one atom 
every 10'" will suffice — breaks up per second. The disintegral 
consists in the expulsion from the atom of one or more 
with great velocity. For simplicity, it will be supposed that 
atom expels one i particle. It has been shown that the a pai 
of radium has a mass about twice that of the hydrogen a1 
From the similarity of the o rays irom thorium and i-adium. it i» 
probable that the a particle of thorium does not differ much in 
mass from that of radium, and may be equal to it. After tht 
escape of an a particle, the part of the atom left behind, which 
has a mass slightly Jess than that of the thorium atom, tenda 
rearrange its components to form a temporarily stable system. 
is to be expected that it will differ in chemical properties froufi 
the thorium atom from which it was derived. The atom of the 
substance Th X is, on this view, the thorium atom minus one « 
particle. The atoms of Th X ai'e far more unstable than the atoosi 
of thorium, and one after the other they break up. each atom ex- 
pelling one a particle as before. These projected a pailiicles give lisu 
to the radiation from the Th X. Since the activity of Th X falls 
half its original value in about four days, on an average half of 






Btoms of Th X break up in four days, the number breaking up 
fcer second being always propDrtional to the number present. 
Hftfter an atom of Th X has expelled an a particle, the mass of the 
■ Ij ij tem is again reduced and its chemical properties are changed. 
Bit will be shown (section 145) that the Th X gives rise to the 
bhorium emanation, which exists as a gas, and that this in turn 
fe;ives rise to matter which lh deposited on solid bodies and gives 
Htise to the phenomena of excited activity. 

I As a result of the disintegration of the thorium atom, there is 

ftfchus a series of chemical substances produced, each uf which has 

^distinctive chemical properties. Elach of these products is radio- 

f.Bctive, and loses its activity according to a definite law. Since 

r thorium has an atomic weight of 237, and the weight of the 

a particle is about 2, it is evident that, if only one a particle 

is expelled at each change, the process of disintegration could 

pass through a number of successive stages and yet leave behind, 

at the end of the process, a mass comparable with that of the 

parent atom. 

It will be shown in chapter x that a process of disintegration, 
very similar trj that already described for thoriiim. must be sup- 
posed to take place also in uranium and radium. The full 
discussion of this subject cannot be given with advantage until 
two of the most important products of thorium and radium, viz. 
the radio-active emanations and the matter which causes excited 
activity, have been considered in detail. 



128. Magnitude of the chan^eB. It can be calculated 
by several independent methods that, in order faj account for the 
changes occurring in thorium, probably not more than 10° and 
not less than 10* atoms in each gram of thorium suffer disintegra- 
tion per second. It is well known (section 39) that 1 cubic centi- 
metre of hydi-ngen at atmospheric pressure and temperature contains 
about 2 >: 10" molecules. From this it follows that one gram of 
thorium ctantains about 10"' atoms. The fraction which breaks 
up per second thus lies between 10~" and 10~". This is an 
extremely small ratio, and it is evident that the process could 
continue for long intervals of time, before the amount of matter 
changed would be capable of detection by the spectroscope or 
W-l 
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by the balance. With the electroscope it is possible to detect 
the radiatioo from 10~* gram of thorinm. ijg, the electroecope is 
capable of detecting the ionization which aooompanies the disin- 
tegrati<Hi of a sii^;le thonnm atom per secmd. The electroscope 
is thus an extzaovdinarilT delicate means (or detection of minute 
changes in matter, which are accompanied, as in the case of the 
radio-elements, by the expnlscm of charged particles with great 
velocity. It is possible to detect by its radiati<Hi the amoont of 
Th X jRoduced in a second from 1 gram of thonnm, although 
tJie process would jMobably need to cc«itinae thousands of years 
before it could be detected by tJie balance or the q>ectroscope. It 
is thus evident that tJie changes occurring in thorium are of an 
order of magnitude quite different from that of ordinary chemical 
changes, and it is not surprising that they have never been ob- 
served by direct chemical methods. 



CHAPTER VIII. 



RADIO-ACTIVE EMANATIONS. 



129. Introduction. A mi:>sb important and striking property 
possessed by radium, thorium, and actinium, but not by uranium or 
polonium, is the power of continuously emitting into the surround- 
ing space a material emanation, which has all the properties of a 
radio-active gas. This emanation is able to diffuse rapidly through 
gases and through porous substances, and may be separated from 
the gas with which it is mixed by condensation by the action of 
extreme cold. This emanation forms a connecting link between 
the activity of the radio-elements themselves and their power of 
exciting activity on surrounding objects, and has been studied more 
closely than the other active products on account of its existence in 
the gaaeous state. The emanations from the three active bodies all 
possess similar radio-active properties, but the effects are more 
marked in the case of the emanation from radium, on account of 
the very great activity of that element. 



Thorium EmanaUon. 

130. DiacoTery of the emanation. In the coui'se of 

examination of the radiations of thorium, several observers had 

noted that some of the thorium compounds, and especially the 

oxide, were very inconstant sourcea of radiation, when examined in 

I Open vessels by the electrical method. Owens^ found that this 

V inconstancy was due to the presence of air currents. When a 

KdoBed vessel was used, the current, immediately after the intro- 

■duction of the active matter, increased with the time, and finally 

' Phil, Mag. p. 360, Oct. 189a. 
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reached a constant value. By drawing a steady stream of air 
through the vessel the value of the current was much redaced. It 
was also observed that the radiations could apparently pass throu^ 
large thicknesses of paper, which completely absorbed the ordinaiy 
a radiation. 

In an investigation of these peculiar properties of thorium 
compounds, the writer^ found that the effects were due to an 
emission of radio-active particles of some kind from the thorium 
compounds. This " emanation," as it was termed for convenience, 
possesses the properties of ionizing the gas and acting on a photo- 
graphic plate, and is able to diffuse rapidly through porous 
substances like paper and thin metal foil 

The emanation, like a gas, is completely prevented fit>m escap- 
ing by covering the active matter with a thin plate of mica. The 
emanation can be carried away by a current of air; it passes 
through a plug of cotton-wool and can be bubbled through solutions 
without any loss of activity. In these respects, it behaves very 
differently from the ions produced in the gas by the rays from 
active substances, for these give up their charge completely under 
the same conditions. 

Since the emanation passes readily through large thicknesses 
of cardboard, and through filters of tightly packed cotton-wool, it 
does not seem likely that the emanation consists of particles of 
dust given off by the active matter. This point was tested still 
further by the method used by Aitken and Wilson, for detecting 
the presence of dust particles in the air. The oxide, enclosed in 
a paper cylinder, was placed in a glass vessel, and the dust was 
removed by repeated small expansions of the air over a water 
surface. The dust particles act as nuclei for the formation of 
small drops and are then removed from the air by the action of 
gravity. After repeated expansions, no cloud was formed, and the 
dust was considered to be removed. After waiting for some time 
to allow the thorium emanation to collect, further expansions were 
made but no cloud resulted, showing that for the small expansions 
used, the particles were too small to become centres of condensa- 
tion. The emanation then could not be regarded as dust emitted 
from thorium. 

1 Phil Mag, p. 1, Jan. 1«00. 



Since tiiL' jwwer of diffusing rapidly through porous Bubstances, 
and acting on a photographic plate, is also possessed by a chemical 
Bubstaiice like hydrogen peroxide, some experiments were made 
to see if the emanation could be an agent of that character. It was 
found, however, that hydrogen peroxide is not radio-active, and 
that its action on the plate is a purely chemical one, while it is 
the radiation irom the emanation and not the emanation itself that 
produces ionizing and photographic effects. 

131. Experimental arrangements. The emanation &om 
thorium is given off in minute quantity. No appreciable lowering 
of the vacuum is observed when an emanating compound is placed 
in a vacimm tube and no new spectrum lines are observed. 

For an examination of the emanation, an apparatus similar in 
principle to that shown in Fig. 37 is convenient. 

The thorium compound either bare or enclosed in a paper 
jcnvelope was placed in a glass tube C. A cuixeut of air from a 
,gaBometer, after passing through a tube containing cotton-wool to 
remove dust particles, bubbled through sulphuric acid in the vessel 
A. It then passed through a bulb containing tightly packed 
cotton-wool to prevent any sjn-ay being carried over. The eniana- 
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Fig. 37. 



I, mixed with air, was carried from the vessel G through a plug 
jf cotton-wool />, which completely removed all the ions carried with 

e emanation. The latter then passed into a long brass cylinder, 
r6 cm, in length and 6 cm, in diameter. The insulated cylinder 

s connected with a battery in the usual way. Three insulated 
dectrodea, E, F, H, of equal lengths, were placed along the axis of 
ihe cylinder, supported by brass rods passing through ebonite 
DDrks in the side of the cylinder. The current through the gas, 

i to the presence of the emanation, was measured by means f)f 
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Curve A, Fig. 38, shows zhe reLickta ex^tii^ betii^ 
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gas, which is a measure of the activity of the emaoatioa, 
sinishes according to an exponential law with the time like the 
ivity of the products Ur X and Th X. The rate of decay is, 
■ever, much more rapid, the activity of the emanation decreaa- 
to half value in about one minute. According to the view 
eloped in section 124. this expresses the result that half of the 
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l^anation particles have undergone change in one minute. After 
& interval of 10 minutes, the current due to the emanation is 
ery small, showing that practically all the emanation particles 
ireaent have undergone change. 

The decrease of the current with time is an actual measure of 
he decrease of the activity of the emanation, and is not in any 
ray influenced by the time taken for the ions produced to reach 
be electrodes. If the ions had been produced from a uranium 
^inpoimd, the duration of the conductivity for a saturation voltage 
mid only have been a fraction of a second. 

rate of decay of the activity of the emanation is independ- 
of the electromotive force acting on the gas. This shows that 
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the radio-active particles are not destroyed by the electric field. 
The current through the gas at any particular instant, after 
stoppage of the flow of air, was found to be the same whether the 
electromotive force had been acting the whole time or had been 
just applied for the time of the test. 

The emanation itself is unaffected by a strong electric field and 
so cannot be charged. By testing the activity of the emanation 
after passing through long concentric cylinders, charged to a high 
potential, it was found that the emanation certainly did not move 
with a velocity greater than '00001 cm. per second, for a gradient 
of 1 volt per cm., and there was no evidence to show that it moved 
at all. 

The rate at which the emanation is produced is independent 
of the gas surrounding the active matter. If in the apparatus of 
Fig. 37, air is replaced by hydrogen, oxygen, or carbonic acid, 
similar results are obtained, though the current observed in the 
testing vessel varies for the different gases on account of the 
unequal absorption by them of the radiation fi'om the emanation. 

If a thorium compound, enclosed in paper to absorb the o 
radiation, is placed in a closed vessel, the saturation current due to 
the emanation is found to vary directly as the pressure. Since 
the rate of ionization is proportional to the pressure for a constant 
source of radiation, this experiment shows that the rate of emission 
of the emanation is independent of the pressure of the gas. The 
effect of pressure on the rate of production of the emanation is 
discussed in more detail later in section 148. 

133. Effect of thickness of layer. The amount of emana- 
tion emitted by a given area of thorium compound depends on 
the thickness of the layer. With a very thin layer, the current 
between two parallel plates, placed in a closed vessel as in Fig. 16, 
is due very largely to the a rays. Since the a i-adiation is verv 
readily absorbed, the current due to it practically reaches a maximum 
when the surface of the plate is completely covered by a thin layer 
of the active material. On the other hand the current produced 
by the emanation increases until the layer is several millimetres in 
thickness, and then is not much altered by adding fresh active 
matter. This falling off of the current after a certain thickness 



has been reached is to be expected, since the emanation, which 
takee several minutes to diffuse through the layer above it, has 
already lost a large proportion of its activity. 

With a thick layer of thorium oxide in a closed vessel, the 
current between the plates is largely due to the radiation from the 
emanation lying between the plates. The following tables illus- 
trate the way in which the current varies with the thickness of 
paper for both a thin and a thick layer. 



Table I. Tkiii Layer. 
Thickness of sheets of paper -OOaT. 



Table II. Thick Layer. 
TUicknesa of pajer "IWS om. 




No. of layers 
of paper 


Corrent 





1 




■74 


2 


■74 


10 


■87 


20 


■56 



The initial current with the unscreened compound is taken as 
unity. In Table I., for a thin layer of thorium oxide, the current. 
diminished rapidly with additional layers of thin paper. In this 
case the current is due almost entirely to the a rays. In Table II. 
the current falls to 74 for the first layer. In this case about 26 "/„ 
of the current is due to the a rays, which are practically absorbed 
by the layer '008 cm, in thickness. The slow decrease with 
additional layers shows that the emanation ditifiises so rapidly 
through a few layers of paper that there is little loss of activity 
during the passage. The time taken to diffuse through 20 layers 
is however appreciable, and the current consequently has decreased. 
After passing through a layer of cardboard 1^6 mms. in thickness 
the current is reduced to about one-fifth of its original value. In 
closed vessels the proportion of the total current, due to the emana- 
tion, varies with the distance between the plates as well as with the 
thickness of the layer of active material. It also varies greatly 
with the compound examined. In the nitrate, which gives off only 
a small amount of emanation, the proportion is very much smaller 
than in the hydri>xide which gives off a large amount of emanation. 



204 RADIO-ACTIVE EMANATIONS [CH. 

134. Increase of current with time. The current due to 
the emanation does not reach its final value for some time after 
the active matter has been introduced into the closed vessel. The 
variation with time is shown in the following table. The satura- 
tion current due to thorium oxide, covered with paper, was observed 
between concentric cylinders of 5*5 cms. and '8 cm. diameter. 

Immediately before observations on the current were made, a 
rapid stream of air was blown through the apparatus. This removed 
most of the emanation. However, the current due to the ionization 
of the gas by the emanation, as it was carried along by the current 
of air, was still appreciable. The current consequently does not 
start from zero. 

Time in seconds Current 

9 

23 25 

53 49 

96 67 

125 76 

194 88 

244 98 

304 99 

484 100 

The results are shown graphically in Fig. 38 Curve B, The 
decay of the activity of the emanation with time, and the rate of 
increase of the activity, due to the emanation in a closed space, are 
connected in the same way as the decay and recovery curves of 
Th X and Ur X. 

With the previous notation, the decay curve is given by 



I ~ 



and the recovery curve by 



where \ is the radio-active constant of the emanation. 

This relation is to be expected, since the decay and recover)' 
curves of the emanation are determined by exactly the same con- 
ditions as the decay and recovery curves of Ur X and Th X. In 
both cases there is : 



RkmO-ACnVE SHA^TATIONS 

(1) A -supply of fresh radin-autive jarticlcs prodiict^d at a 
t rate. 

(2) A loss of activity of the particles following an exponential 
[ law with the time. 

In the case of UrX and Th X, the active matter produced 
I manifests its activity in the position in which it is formed ; in this 
} new phenomenon, a proportion of the active matter in the form of 
the emanation escapes into the surrounding gas. The activity of 
the emanation, due to a thorium compound kept in a closed vessel, 
thus reaches a maximum when the rate of supply of fresh emana- 
tion particles from the compound is balanced by the rate of change 
of those already present. The time for recovery of half the final 
activity is about 1 minute, the same as the time taken for the 
emanation, when left to itself, to lose half its activity. 

If go is the number of emanation particles escaping into the 
gas per second, and iVj the final number when radio-active equi- 
librium is reached, then (section 124), 

■Since theactivityof the emanat ion falls to half value in 1 minute 
X = l/87, 
and iVo = 87yoi or the number of emanation particles present when 
a steady state is reached is 87 times the mimber produced per 
second. 

Radium Emanation. 

135. Discovery of the emanatioQ. Shortly after the 
discovery of the thorium emanation, Dom' repeated the results 
and, in addition, showed that ra.dium compounds also gave off 
radio-active emanations and that the amount given off was much 
increased by heating the compound. The radium emanation differs 
from the thorium emanation in the rate at which it loses its 
activity. It decays far more slowly, but in other respects, the 
emanations of thorium and radiura have much the same properties. 
Both emanations ionize the gas with which they are mixed, and 
affect a photographic plate. Both diffuse readily through porous 
I Abh. der n<ilKrfomli. Oh, fBr Halle-a-S., 1900. 
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substances but are unable to pass through a thin plate of mica; 
both behave like a temporarily radio-active gas, mixed in minute 
quantity with the air or other gas in which they are conveyed. 

136. Decay of activity of the emanation. Very little 
emanation escapes from radium chloride in the solid state, but 
the amount is largely increased by heating, or by dissolving the 
compound in water. By bubbling air through a radium chloride 
solution, or passing air over a heated radium compound, a large 
amount of emanation may be obtained which can be collected, 
mixed with air, in a suitable vessel. 

Experiments to determine accurately the rate of decay of 
activity of the emanation have been made by P. Curie ^, and 
Rutherford and Soddy^. In the experiments of the latter, the 
emanation mixed with air was stored over mercury in an ordinary 
gas holder. From time to time, equal quantities of air mixed with 
the emanation were measured oflf by a gas pipette and delivered 
into a testing vessel. The latter consisted of an air-tight brass 
cylinder carrjring a central insulated electrode. A saturation voltage 
was applied to the cylinder, and the inner electrode was connected 
to the electrometer with a suitable capacity in parallel. The 
saturation current was observed immediately after the introduction 
of the active gas into the testing vessel, and was taken as a measure 
of the activity of the emanation present. The current increased 
rapidly with the time owing to the production of excited activity 
on the walls of the containing vessel. This eflfect is described in 
detail in chapter ix. 

The measurements were made at suitable intervals over a period 
of 38 days. The following table expresses the results, the initial 
activity being taken as 100. 



Time in hours 


Belative Activity 





100 


20*8 


85-7 


187-6 


24-0 


354-9 


6-9 


521-9 


1-5 


786-9 


0-19 



1 C. R, 185, p. 867, 1902. « PhiU Mag, April, 1903. 
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the mean value of \ dedticed from the results is given by 
X = 216 xlO-« = 1/463000. 

P. Curie deterrained the rate of decay of activity of the emana- 
tion by another method. The active matter was placed at one end 
of a sealed tube. After sufficient time had elapsed, the portion of 
the tube containing the radium compound was removed. The loss 
of activity of the emanation, stored in the other part, was tested at 
regular intervals by observing the ionization cnirent due to the 
rays which passed through the 
walls of the glass vessel. The 
testing apparatus and the con- 
nections are shown clearly in 
Fig. 39. The ionization cnrrL-nt 
is observed between the vessels 
BB and GG. The glass tubt: 
A contains the emanation. 

Now it will be shown later 
that the emanation itself gives 
off only a rays, and these rays 
are completely absorbed by the 
glass envelope, unless it is made 
extremely thin. The rays pro- 
ducing ionization in the testing 
vessel were thus not due to the 
a rays from the emanation at 



A 



^ 



Fig. ; 



all, but to the Q and 7 rays due to the excited activity produced 
on the walls of the glass tube by the emanation inside it. What 
was actually measiired was thus the decay of the excited activity 
derived from the emanation, and not the decay of activity of the 
emanation itself. Since, however, when a steady state is reached, 
the amount of excited activity is nearly proportional at any time 
to the activity of the emanation, the rate of decay of the excited 
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tivity. Giese! has obtained an intenHely active emanation from 
ating substance." It has already been pointed out (sec- 
1 21) that this "emanating substance" is probably the same as 
B actinium of Debieme. The emanation from actinium, like those 
Q thorium and radium, possesses the property of exciting activity 
I on inactive bodies. However it h£is not yet been studied as com- 
^pletely as the better known emanations of thorium and radium. 

Ewperimente with large amounts of Radium Emanation, 

138. With very active apecimens of radium, a large amount 
f emanation can be obtained, and the electrical and photographic 
etions are correspondingly intense. On account of the small 
Etivity of thorium and the rapid decay of its emanation, the 
ffects due to it are weak, and can be studied only for a few 
linutes after its production. The emanation from radium, on the 
ther hand, in consequence of the slow decay of its activity, may 
e stored mixed with air in an ordinary gas holder, and its photo- 
raphic and electrical actions may be examined several days or 
ven weeks after, quite apart from those of the radium from which 
1 was obtained. 

It is, in general, difficult to study the radiation due to the 
lation alone, on account of the feet that the emanation is 
mtinually producing a secondary type of activity on the surface 
f the vessel in which the enianation is enclosed. This excited 
etivity reaches a maximum value several houre after the intro- 
uction of the emanation, and, as long as it is kept in the vessel, 
his excited activity on the walls decays at the same rate as the 
manation itself, i.e. it falls to half its initial value in about 4 days. 
, however, the emanation is blown out, the excited activity 
emains behind on the surface, but rapidly loses its activity in the 
Durse of a few hours. After several hours, the intensity of the 
si dual radiation is very small. 

These effects and their connection with the emanation are 
discussed more fiilly in chapter ix. 

GieaoF has recorded some interesting observations of the eff'ect of 
the radium emanation on a screen of phosphorescent zinc sulphide. 



1 llfr. dec dfatKCh. Chem. Gt>. 
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When a I'uw centigrams of moist radium bromidt; were placed oo; 
S(.'.rt'i-n, any alight tuotion of the air caused tht- luminosity to moTV' 
Ut and fro OD the screen. The direction of phosphorescence could 
be altered at will, by a slow current of air. The effect was still 
further increased by placing the active matei-ial in a tube 
blowing the air through it tuwajds the screen. A screen of barii 
platino-cvanide or of Balmain's paint failed to give any visi] 
light under the sjiine conditions. The luminosity was not all 
by a magnetic Held, but it was affected by an electric field. If 
screen were charged the luminosity wa.s more marked when it 
negative than when it was positive. 

Giesel states that the luminosity was not equally diatribul 
but was concentrated in a peculiar ring-shaped manner over 
surface of the screen. The concentration of luminosity on tbe 
negative, rather than on the positive, electrode is probably due to 
the excited activity, caused by the emanation, and not to the 
emanation itself. This excited activity (see chap. IX) in an electric 
field is concentrated chiefly on the negative electrode. The 
electric field, probably, does not act on the emanation itself but 
concentrates the excited activity, due to the emanation present, on 
to the negative electrode. 

An experiment to illustrate the phosphort^cence produced in 
aorae substances by the rays from a large amount of emanation 
described in section IfiO. 

139. Curie and Debieme' have made an examination of the 
emanation fix)m radium, and the excited activity produced by it. 
They have examined the emanation given off from radium under 
very low pressures. The tube containing the emanation was ex- 
hausted to a good vacuum by a mercury pump. It was observed 
that a gas was given oil' from the radium which pi\xluced excited 
activity on the glass walls. This gas was extremely active, and 
rapidly affected a photographic plate through the glass. It caoaed 
fluorescence on the surlkce of the glass and rapidly blackened it. 
and was still active after standing ten days. When spectroscopi- 
cally examined, this gas did not show any new lines, but gene- 
rally those of the spectra of carbonic acid, hydi'dgen, and merciir?. 

' C. R. 132, pp. 548 nnd 7BH, lUOl. 
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i light of the results described in section 116, the gas, given 
f by the radiunij was prubably the non-active gases, hydrogen 
and osj-gen, in which the active emanation was mixed in minute 
quantity. It will be shown later (section 163) that the energy 
xadiated from the emanation is enormous compared with the 
amount of matter involved, and that the effects observed, in most 
cases, are produced by an almost infinitesimal amount of the 
emanation. 

In further experiments, Curie and Debieme^ found that many 
Biibstances were phosphorescent under the action of the emanation 
and the excited activity produced by it. In their experiments, two 



Fig. 10. 

glass bulbs A and B (Fig. 40) wefe connected with a glass tube. 
The active material was placed in the bulb A and the substance 
to be examined in the other. 

They found that, in general, substances that were phosphores- 
cent in ordinaiy light became luminous. The sulphide of zinc was 
especially brilliant and became as himinous as if exposed to a 
strong light. After sufficient time had elapsed, the luminosity 
reached a constant value. The phoHphorescence is partly due to 
the excited activity produced by the emanation on its surface, and 
partly to the direct radiation from the emanation. 

Phosphorescence was also produced in glass. Thitringian glass 
showed the most marked effects. The luminosity of the glass was 
found to be about the same in the two bulbs, but was more marked 

I in the connecting tube. The effect in the two bulbs was the same 

1 even if connected by a very narrow tube. 

Some experiments were also made with a series of phosphore*- 

f cent plates placed in the vessel at varying distances apart. With 
the plates 1 mm. apart, the effect was very feeble but increased 
directly aa the distance and was large for a distance of 3 cms. 
I C. R. 133, p. 931, 1901. 

\^^1. 
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These eflfects receive a general explanation on the views already 
put forward. When the radium is placed in the -closed vessel, the 
emanation is given oflf at a constant rate and gradually diflFuses 
throughout the enclosure. Since the time taken for diflfusion of 
the emanation through tubes of ordinary size is small compared 
with the time required for the activity to be appreciably reduced, 
the emanation, and also the excited activity due to it, will be 
nearly equally distributed throughout the vessel. 

The luminosity due to it should thus be equal at each end of 
the tube. Even with a capillary tube connecting the two bulbs, the 
gas continuously given oflf by the radium will always carry the 
emanation with it and cause a practically uniform distribution. 

The gradual increase of the amount of emanation throughout 
the tube will be given by the equation 

where Nt is the number of emanation particles present at the 
time t, Nq the number present when radio-active equilibrium is 
reached, and \ is the radio-active constant of the emanation. The 
phosphorescent action, which is due partly to the radiations from 
the emanation and partly to the excited activity on the walls, 
should thus reach half the maximum value in four days and should 
practically reach its limit after three weeks interval. 

The variation of luminosity with dififerent distances between 
the screens is to be expected. The amount of excited activity 
deposited on the boundaries is proportional to the amount of 
emanation present. Since the emanation is equally distributed, 
the amount of excited activity deposited on the screens, due to the 
emanation between them, varies directly as the distance, provided 
the distance between the screens is small compared with their 
dimensions. Such a result would also follow if the phosphorescence 
were due to the radiation from the emanation itself, provided that 
the pressure of the gas was low enough to prevent absorption of 
the radiation from the emanation in the gas itself between the 
screens. 



Meitxuremenis of Evianating Power. 

140, Emanatiiig poiver. The compoirnds of thorium in the 
(olid state vary very widely in the amount of emanation they emit 
tinder ordinary conditions. It is convenient to use the term 
manatiiig power to express the amount of emanation given off per 
second by one gram of the compound. Since, however, we have 

means of determiEiiug absolutely the amount of emanation 
esent, all measurements of emanating power are of necessity 
jomparative. In most cases, it is conveuieat to take a given weight 
of a thorium compound kept under conditions as nearly as possible 
iConstant, and to compare the amount of emanation of the compound 
to be examined with this standard. 

In this way compariaons of the emanating power of thorium 
iJompounds have been made by Rutherford and Soddy^, using an 
apparatus similar to that shown in Fig, 37 on page 199. 

A known weight of the substance to be tested was spread on a 
shallow dish, placed in the glass tube C, A stream of dry dust-free 
air, kept constant during all the experiments, was passed over the 
compound and cai-ried the emanation into the testing vessel. After 
inutes interval, the current due to the emanation in the 
testing vessel reached a constant value. The compound was then 
.removed, and the standard comparison sample of equal weight 
mibstituted; the saturation current was observed when a steady 
state was again reached. The ratio of these two currents gives 
the ratio of the emanating power of the two samples. 

It was found experimentally, that, for the velocities of air 
current employed, the saturation current in the testing vessel was 
idirectly proportional to the weight of thorium, for weights up to 
20 grams. This is explained by tha supposition that the emanation 
is removed by the current of air from the mass of the compound, 
■$a &st as it is formed. 

Let »', = saturation current flui; to a weight w, of the standard, 
ia = „ „ „ „ ai-t of the sample to 

be tested. 

manating power of specimen i, u, 



Then ."'r^^t^J^. 

emanating power of standard 

' Tram. Ckem. Soc. , p. 321, 1902. 



Mag. Sept. 1902. 
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By means of this relation the emanating power of compounds 
which are not of equal weight can be compared. 

It was found that thorium compounds varied enormously in 
emanating power, although the percentage proportion of thorium 
present in the compound was not very diflferent. For example, 
the emanating power of thorium hydroxide was generally 3 to 4 
times greater than that of ordinary thoria, obtained from the manu- 
facturer. Thorium nitrate, in the solid state, had only 1/200 of the 
emanating power of ordinary thoria, while preparations of the 
carbonate were found to vary widely among themselves in emanat- 
ing power, which depended upon slight variations in the method 
of preparation. 

141. Effect of conditions on emanating poT^rer. The 

emanating power of diflferent compounds of thorium and radium is 
much aflfected by the alteration of chemical and physical conditions. 
In this respect the emanating power, which is a measure of the 
rate of escape of the emanation into the surrounding gas, must not 
be confused with the rate of decay of the activity of the emanations 
themselves, which has already been shown to be unaffected by 
external conditions. 

Dom (loc, dt.) first observed that the emanating power of 
thorium and radium compounds was much aflfected by moistui-e. 
In a fuller investigation of this point by Rutherford and Soddy, it 
was found that the emanating power of thoria is from two to three 
times greater in a moist than in a dry gas. Continued desiccation 
of the thoria in a glass tube, containing phosphonis pentoxide, did 
not reduce the emanating power much below that observed in 
ordinary dry air. In the same way radium chloride in' the solid 
state gives off very little emanation when in a dry gas, but the 
amount is much increased in a moist gas. 

The rate of escape of emanation is much increased by solution 
of the compound. For example, thorium nitrate, which has an 
emanating power of only 1/200 that of thoria in the solid state, 
has in solution an emanating power of 3 to 4 times that of thoria. 
P. Curie and Debierne observed that the emanating power of 
radium was also much increased by solution. 

Temperature has a very marked effect on the emanating power. 



EMANATIONS 

The writer' showed that the emanating powej- of ordinarj' thoria 
was increased three to four times by heating the substance to a dull 
red heat in a platinum tube. If the temperature was kept con- 
slant, the emanation continued to escape at the increased rate, 
but returned to its original value on cooling. If, however, the 
compound was heated to a white heat, the emanating power was 
greatly i-educed, and it returned on cooling to abuut 10^/^ of the 
original value. Such a compound is said to be " de-emanu,ted.' 
The emanating power of radium compounds varies in a still more 
striking manner with rise of temperature. The late of escape 
of the emanation is momentai'ily increased even 10,000 times by 
heating to a dull red heat. This effect does not continue, for the 
large escape of the enianation by heating is in reality due to the 
release of the emanation stored up in the radium compound. Like 
thoria, when the compound has once been heated to a very high 
tfflnperature, it loses its emanating power and does not regain it. 

A fiirther examination of the effect of temperature was made 
by Ruthei-ford and Soddy^. The emanating power of thoria decreases 
veiy rapidly with lowering of temperature, and at the temperature 
of solid carbonic acid it is only about 10°/^ of its ordinary value. 
It rapidly returns to its original value when the cooling agent is 
removed. 

Increase of temperature from 80" C. to a dull red heat of plati- 
thus increases the emanating power aboiit 40 times, and the 
cts can be repeated again and again, with the same compound, 
5)rovided the temperatnre is not raised to the temperature at which 
le-emanation begins. De-emanation .sets in above a red heat, and 
the emanating power is then permanently diminished, but even 
long continued heating at a white lieat never entirely destroys the 
emanating power. 

142. Regeneration of emanating power. An interesting 

question arises whether the de-emanation of thorium and radium is 

lue to a removal or alteiutiun of the substance which produces the 

ition, or whether intense ignition nierely changes the rate 

escape of the emanation from the solid into the suiTounding 

atmosphere. 



' Phyt. /.eil. 3, p. 429. 1901. 
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143. Rate i^ prodnctUm of the mwmrtina, Tbe ennit- 
atiri;( f^/jir^-r '>f thorinrfi f:f/ntpfjni»fh, then^ is a Teir variable qiunmr. 
rri'j/;h }xif':f^>:fi V/y fft^AhtnTf;, heat, and srJati^fXL Speaking g^i^aDr. 
iri/T^;^i^^i U'ju)ff:THtnr*A and i^AntifMi greatlr increase the emanating 

f/^/w<?r ^/f Vx/th thffrinui and raflinm. 

Th^'. w'uU'. fliffhrhUf^f^ between the emanating powers of these 
Hu\&,i^f$r^'M in the ?^Jjd Htate and in solution pointed to the concla- 
nhfu that the differenr^^ were piYibably due to the rate of escape of 
iht'. t'ttisifiHUou \u\/t the surrounding gas, and not to a variati<m of 
the mt>? n\' rt^H^'Xion which gave rise to the emanation. It is 
ohviouH that a very slight retardation in the rate of escape of the 
thoriiirn <?rrjariatiori from the compound into the gas, will, on account 
of the rapid de^;ay oi activity of the emanation, produce great 
changeM in emanating j>^^wer. The regeneration of the emanating 
|;*/wer of d<v <'.rnanat(jd thoria and radium by solution and chemical 
treatment rn^i^le it (;vid(;nt that the original power of thorium and 
nuliiun of producing the emanation still persisted in an unaltered 

11m* (|neHtion whether the emanation was produced at the same 
nii/(! in < emanating as in non-emanating compounds can be put to a 
nharp (|nantiiativ(? tcjst. If the rate of production of emanation 
goeM on at tht^ sairuj rate in the solid compound, where very 
little eMc»,apeH, as in the solution, where probably all escapes, the 






□nanation must be occluded in the compound, and there must in 
Sonsequence be a sudden release of this emanation on solution of 
iie compound. On account of the very slow decay nf the activity 

f the emanation of radium, the eifecta should be far more marked 

1 that compound than in thorium. 

From the point of view developed in section 124, the expo- 
nential law of decay of the emanation expreases the result that JV, 
the number of particles remaining unchanged at a time ( is given 

'N„~^ ■ 
where N,, is the initial number of particles present. When a 
steady state is reached, the rate of prodiiction q^ of fresh emanation 
particles is exactly balanced by the rate of change of the particles 
JV^o already present, i.e. 

ifo in this case represents the amount of emanation " occluded " in 
the compound. Substituting the value of X found for the radium 
emanation in section 136, 

—" = -^ = 463,000. 



The amount of emanation stored in a non-emanating radium 
compotmd should therefore be nearly 500,000 times the amount 
produced per second by the compound. This result was tested in 
the following way^ : 

A weight of ■03gr. of radium chloride of activity 1000 times that 

of uranium was placed in a Drechsel bottle and a sufficient amount of 

water drawn in to dissolve it. The released emanation was swept 

out by a current of air into a small gas holder and then into a testing 

cylinder. The initial saturation current was proportional to N,. A 

Tapid current of air was then passed through the radium solution 

for some time in order to remove any alight amount of emanation 

f which had not been removed initially. The Drechsel bottle was 

I dosed air-tight, and allowed to st>and undisturbed for a definite 

\ time t. The accumulated emanation was then swept out as before 

uto the testing veBsel. The new ionization current represents 

' Ratherford and Soddy, FbiL Mag. April, 1903. 
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the value of Nt the amount of emanation formed in the compound 
during the interval t 

In the experiment < = 105 minutes, 
and observed value 

V = 0131. 

Assuming that there is no decay during the interval, 

i^t= 105x60x^0. 

Thus ^ = 480,000. 

Making the small correction for the decay of activity during 
the interval 

— ' = 477,000. 

We have previously shown that from the theory 

N 1 

_« = ^ = 463,000. 

The agreement between theory and experiment is thus as close 
as could be expected from the nature of the experiments. This 
experiment proves conclusively that the rate of production of 
emanation in the solid compound is the same as in the solution. 
In the former case it is occluded, in the latter it escapes as fast as 
it is produced. 

It is remarkable how little emanation, compared with the 
amount stored up in the compound, escapes from solid radium 
chloride in a dry atmosphere. One experiment showed that the 
emanating power in the dry solid state was less than ^°/^ of the 
emanating power of the solution. Since nearly 500,000 times as 
much emanation is stored up as is produced per second, this result 
showed that the amount of emanation which escaped per second was 
less than 10~* of that occluded in the compound. 

If a solid radium chloride compound is kept in a moist atmo- 
sphere, the emanating power becomes comparable with the amount 
produced per second in the solution. In such a case, since the rate 



of escape is continuous, the amount occluded will be much less than 
the amount for the non -emanating material. 

The phenomenon of occlusion of the radium emanation is prob- 
ably not connected in any way with its radio-activity, although this 
property has in this case served to measure it. The occlusion of 
helium by minerals presents almost a complete analogy to the 
occlusion of the radium emanation. The helium is given off by 
ferguHonite, for example, in part when it is heated and completely 
on dissolving the mineral. 

144. Similar results hold for thoiium, but, on account of the 
rapid loss of activity of the emanation, the amoimt of emanation 
occluded in a non-emanating compound is very small compared 
with that observed for radium. If the prodiiction of the thorium 
t-manation proceeds at the same rate under all conditions, the 
solution of a solid non-emanating compound should be accompanied 
by a iTJsh of emanation greater than that subsequently produced. 
With the same notation as before we have for the thorium emana- 
tion, 



This result was tested as tbllowsi a quantity ni' linely powdered 
thorium nitrate, of emanating power 1/200 of ordmary thoria, 
was dropped into a Drechsel bottle containing hot water and the 
emanation rapidly swept out into the testing vessel by a current nf 
The ionization current rose quickly to a maximum, but soon 
fell again to a steady value ; showing that the amount of emanation 
. released when the nitrate dissolves, is greater than the subsequent 
} Rinount produced from the solution. 

The rapid loss of the activity of the thorium emanation makes' 

a quantitative comparison like that made for radium very difficult. 

By slightly altering the conditions of the experiment, however, a 

definite proof was obtained that the rate of production of emana- 

|tion is the same in the solid compound as in the solution. After 

rapping in the nitrate, a rapid air stream was blown through the 

1 for 25 seconds into the testing vessel. The air stream was 

ipped and the ionization current immediately measured. The 

I was then allowed to stand undisturbed for 10 minutes. 
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In that time the accumulation of the emanation again attained a 
practical maximum and again represented a steady state. The 
stream of air was blown through, as before, for 25 seconds, stopped 
and the current again measured. In both cases, the electrometer 
recorded a movement of 14*6 divisions per second. By blowing 
the same stream of air continuously through the solution the final 
current corresponded to 7*9 divisions per second or about one-half 
of that observed after the first rush. 

Thus the rate of production of emanation is the same in the 
solid nitrate as in the solution, although the emanating power, i.e. 
the rate of escape of the emanation, is over 600 times greater in 
the solution than in the solid. 

It seems probable that the rate of production of emanation 
by thorium, like the rate of production of Ur X and Th X, is inde- 
pendent of conditions. The changes of emanating power of the 
various compounds by moisture, heat, and solution must therefore 
be ascribed solely to an alteration in the rate of escape of the 
emanation into the surrounding gas and not to an alteration in 
the rate of its production in the compound. 

On this view, it is easy to see that slight changes in the mode 
of preparation of a thorium compound may produce large changes 
in emanating power. Such effects have been often observed, and 
must be ascribed to slight physical changes in the precipitate. 
The fact that the rate of production of the emanation is indepen- 
dent of the physical or chemical conditions of the thorium, in which 
it is produced, is thus in harmony with what had previously been 
observed for the radio-active products Ur X and Th X. 



Source of the Thorium Emanation, 

145. Some experiments of Rutherford and Soddy^ will now 
be considered, which show that the thorium emanation is pro- 
duced, not directly by the thorium itself, but by the active 
product Th X. 

When the Th X, by precipitation with ammonia, is removed firoui 
a quantity of thorium nitrate, the precipitated thorium hydroxide 

1 Phil. Mag. Nov. 1902. 



does not at first possess appreciable emanating power. This loss 
fif emanating puwt;r is not line, as in the case of the de-emanated 
(ixide, to a retardation in the rate of escape of the emanation 
produced ; for the hydroxide, when dissolved in acid, still gives 
off no emanation. On the other hand, the solution, containing 
the Th X, possesses emanating power to a marked degree. 
On leaving the precipitated hydroxide and the Th X for some 
time, it i.s found that the Th X decreases in emanating power, 
while the hydroxide gradually regains its emanating power. After 
about a month's interval, the emanating power of the hydroxide 
has nearly reaehod a maximum, while the emanating power of 
the Th X has almost disappeared. 

The curves of decay and recovery of emanating powor with 
time are found to be exactly the same as the curves of decay 
and recovery of activity of Th X and the precipitated hydroxide 
respectively, shown in Fig. 35. The emanating power of Th X, 
aa well as its activity, falls to half value in four days, while the 
hydroxide regains half its final emanating power as well as half its 
lost activity in the same interval. 

It follows from these results that the emanating power of Th X 
is directly proportional to its activity, i.e. that the rate of produc- 
tion of emanating particles is always proportional to the number 
of a particles, projected from the Th X per second. Ilie radiation 
Jrom Th X thus accovipanies the change of the Th X into ike 
emanation. Since the emanation has chemical properties distinct 
from those of the Th X, and also a distinctive rate of decay, it 
cannot be regarded as a vapour of Th X, but it is a distinct 
chemical substance, produced by the changes occurring in Th X. 
On the view advanced in section 127, the atom of the emanation 
consists of the part of the atom of Th X left behind after the 
I expulsion of one or more a particles. The atoms of the emana- 
htion are unstable, and in turn expel a particles. This projection 
P'of a particles constitutes the radiation from the emanation, which 
es as a measure of the amount of emanation present. Since 
the activity of the emanation falls to half value in one minute 
while that of Th X faUs to half value in four days, the emanation 
lists of atoms, which disintegrate at intervals nearly COOO times 
Bhorter than do the atoms of Th X. 
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Source of the Radium Emanation. 

146. No intermediate stage — Radium X — between radium 
and its emanation, cx)iTe8ponding to the Th X for thorium, has 
so far been observed. The emanation from radium is probably 
produced directly from that element. In this respect, the radium 
emanation holds the same position in regard to radium as Th X 
does to thorium, and its production from radium can be explained 
on exactly similar lines. 

Radiations from the Emanations. 

147. Special methods are necessary to examine the nature of 
the radiation from the emanations, for the radiations arise from 
the volume of the gas in which the emanations are distributed. 
Some experiments to examine the radiations from the thorium 
emanation were made by the writer in the following way. 

A highly emanating thorium compound wrapped in paper was 
placed inside a lead box B about 1 cm. deep, shown in Fig. 41. 

There was an opening cut in ^ To Ele ctrometer 

the top of the box, over which ^ 



a very thin sheet of mica was 

waxed. The emanation rapidly ^Mica 

dififused through the paper into ^ Emanation .^ \ 
the vessel, and after ten minutes B ^ ^'^^ 

reached a state of radio-active ^^^- ^^' 

equilibrium. The penetrating power of the radiation from the 
emanation which passed through the thin mica window was 
examined by the electrical method in the usual way by adding 
screens of thin aluminium foil. The results are expressed in the 
following table: 

Thickness of mica window '0015 cm. 
Thickness of aluminium foil '00034 cm. 



Layers of foil 


Current 





100 


1 


59 


2 


30 


3 


10 


4 


3-2 



The greater proportion of the conductivity la thus due to 
a niys, as in the case of the radio-active elements. The amount 
of absorption of these a rays by aiuminium foil is about the same 
as that of the rays from the active bodies. No direct comparison 
can be made, for the a rays from the emanation show the charac» 
teriatic property of increased rate of absorption with thickneBs 
of matter traversed. Before testing, the raj's have been largely 
absorbed by the mica window, and the penetrating power has 
consequently decreased. 

No alteration in the radiation from the emanation was ob- 
served on placing an insulated wire inside the emanation vessel, 
and charging it to a high positive or negative potential. When 
.a stream of aii' through the vessel carried away the emanation as 
iast as it was produced, the intensity of the radiation fell to a small 
fraction of its former value. 

No evidence of any j3 rays in the radiations was found in 
these experiments, although a very small effect would have been 
detected. After standing some hours, however, y9 rays began to 
appear. These were due to the excited activity deposited on the 
walls of the vessel from the emanation, and not directly to the 
emanation itself 

The radium emanation, like that of thorium, only gives rise to 
a rays. This was tested in the following way'r 

A large amount of emanation was introduced into a cylinder 
made of sheet copper 005 cm. thick, which absorbed all the 
a rays but allowed the ^ and 7 rays, if present, to pass through 
with but little loss. The external radiation from the cylinder 
was determined at intervals, commencing about two minutes after 
the introduction of the emanation. The amount observed at first 
was extremely small, but increased rapidly and practically reached 
a maximum in three or four hours. Thus the radium emanation 
only gives a rays, the j8 rays appearing as the excited activity is 
produced on the walls of the vessel. On sweeping out the emana- 
tion by a current of air, there was no immediately appreciable 
decrease of the radiation. This is another proof that the emanation 
does not give out any y9 rays. In a similar way it can he shown 
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that the emanation does not give rise to 7 rays : these ravs always 
make their appearance at the same time as the )3 rays. 

The method of examination of the ladiatioiis fit>in the 
emanations has been given in some detail, as the results are of 
•onsiderable importance in the discussion, which will be given 
later in chapter x, of the connection between the changes oc- 
curring in radio-active products and the radiations they emit 
There is no doubt that the emanations, apart from the excited 
activity to which they give rise, only give out a rays, consistiiig 
most probably of positively charged bodies projected with great 
velocity. 



Effect of Pressure on the rate of production of the Emanation. 

148. It has already been mentioned that the conductivity 
due to the thorium emanation is proportional to the pressure of 
the gas, pointing to the conclusion that the rate of production 
of the emanation is independent of the pressure, as well as of the 
nature of the surrounding gas. This result was directly confirmed 
with the apparatus of Fig. 41. When the pressure of the gas 
under the vassel was slowly reduced, the radiation, tested outside 
the window, increased to a limit, and then remained constant 
over a wide range of pressure. This increase, which was fer more 
marked in air than in hydrogen, is due to the fact that the a rays 
from the emanation were partially absorbed in the gas inside the 
vessel when at atmospheric pressure. At pressures of the order 
of 1 irfillimetre of mercury the external radiation decreased, but 
exjjeriment showed that this must be ascribed to a removal of the 
emanaticm by the pump, and not to a change in the rate of pro- 
(hiction. The thorium compounds very readily absorb water-vapour, 
which is slowly given off at low pressures, and in consequence 
H<^me of the emanation is carried out of the vessel with the water- 
vapour. 

Curie and Debieme^ found that both the amount of jexcited 
activity produced in a closed vessel containing active samples of 
radium, and also the time taken to reach a maximum value, were 

1 C. R, 133, p. 931, 1901. 



iodependent of the pressure and nature of the gas. This waa true 
in the case of a solution down to the pressure of the saturated 
vapour, and in the case of solid salts to veiy low pressures. When 
the pump was kept going at pressures of the order of 001 mm, of ' 
mercury, the amount of excited activity was much diminished. 
This was probably not due to any alteration of the rate of escape 
of the emanation, but to the removal of the emanation by the ' 
action of the pump as fast as it was formed. 

Since the amount of excited activity, when in a state of 
radio-active equilibrium, is a measure of the amount of emana- 
tion producing it, these results show that the amount of emanation 
present when the rate of production balances the rate of decay is 
independent of the pressure and nature of the gas. It was also 
found that the time taken to reach the point of radio-active equi- 
librium was independent of the size of the vessel or the amount 
of active matter present. These results show that the state of 
equilibrium cannot in any way be ascribed to the possession by the 
emanation of any appreciable vapour pressure ; for if such were the 
cafe, the time taken to reach the equilibrium value should depend 
on the size of the vessel and the amount of active matter present. 
The results are, however, in agreement with the view that the 
emanation is present in minute quantity in the tube, and that the 
equilibrium is governed purely by the radio-active constant \, the 
constant of decay of activity of the emanation. This has been seen 
to be the same under all conditions of concentration, pressure and 
temperature, and, provided the rate of supply of the emanation 
from the active compound is not changed, the time-rate of increase 
of activity to the equilibrium value will always be the same, 
whatever the size of the vessel or the nature and pressure of the 
surrounding gas. 

Chemical Nature of the Emanations. 

149. Earlier experiments. We shall now consider some 
experiments on the physical and chemical properties of the emana- 
tions themselves, without reference to the material producing them, 
in order to see if they possess any properties which identify them 
with any known kind of matter. 

a. H.-A. 15 



It was soon observed that the thorium emanatioa paased 
imchangeH through acid solutioua, and later the same result was 
shown to hold true in the case of both emanations for evety 
reagent that was tried. Preliminary observations' showed that the 
thorium emanation, obtained in the ueual way by passing air over 
thoria, passed unchanged in amount through a platinum tube 
heated electrically to the highest temperature obtainable. The 
tube was then filled with platinum -black, and the emanation pasaed 
through it in the cold, and with gradually increasing temperaturMS, 
until the limit was reached. In another experiment, the emana- 
tion was passed through a layer of red-hot lead-chromate in •,■ 
glass tube. The current of air was replaced by a current i 
hydrogen, and the emanation was sent through red-hot magnesiiH 
powder and red-hot palladium-black, and, by using t 
carbon dioxide, through red-hot zinc-dust. In every 
emanation passed through without sensible change in the am<4 
If anything, a slight increase occurred, owing to the time taken &p I 
the gas-current to pass through the tubes when hot being slightly 
If^ than when cold, the decay en route being consequently less, 
The only known gases capable of passing in unchanged amount 
through all the reagents employed are the recently discovered 
members of the argon femily. 

But another possible interpretation might be put upon th<; 
i-eaults. If the emanation were the manifestation of a type of 
excited radio-activity on the surrounding atmosphere, then, since 
from the nature of the experiments it was necessary to employ in 
each case as the atmosphere, a gas not acted on by the reagent 
employed, the result obtained might be expected. Red-hot mag- 
nesium would not retain an emanation consisting of radio-active 
hydrogen, or red-hot zinc-dust, an emanation consisting of radio- 
active carbon dioxide. The incorrectness of this explanation was 
shown in the following way. Carbon dioxide was passed over 
thoria, then through a T-tube, where a current of air met and 
mixed with it, both- passing on to the testing-cylinder. But 
between this and the T-tube a large soda-lime tube was intro- 
duced, and the current of gaa was thus freed ftvm its admixed 
carbon dioxide, before being tested in the cylinder for the eman*^ 
> Butherford and Snddj, Phil. Mag. Nov. 1902. 



tiiin. The amount of emanation found was quite unchanged, 
whether carbon dioxide was sent over thoria in the manner de- 
scribed, or whether, keeping the other arrangements as before, 
an equally rapid current of air was autstituted for it. The theory 
that the emanation is an effect ol' the excited activity on the 
surrounding medium is thus excluded. 

Experiments of a similar kind on the radium emanation were 
made later. A steady stream of gas was passed through a radium 
chloride solution and then through the reagent to be employed, 
into a testing-vessel of small volume, so that any change in the 
amount of emanation passing through could readily be detected. 
The radium emanation, like that of thorium, passed unchanged in 
amount through every reagent used. 

Later experimentfl. In later experiments by Sir William 
Ramsay and Mr Soddy', the emanation from radium was exposed to 
still more, drastic treatment. The emanation in a glass tube was 
aparked for several hours with oxygen over alkali. The oxygen 
was then removed by ignited phosphorus and no visible residue was 
left. When, however, another gajs was introduced, mixed with 
the minute amount of emanation tn the tube and withdrawn, 
the activity of emanation was found to be unaltered. In another 
experiment, the emanation was introduced into a magnesium lime 
tube, which was heated for three hours at a red heat. The 
emanation was then removed and tested, but no diminution in its 
discharging power was observed. 

The emanations of thorium and radium thus withstand chemical 
treatment in a manner hitherto imobserved except in gases of the 
argon iamily. 

160. Bamsay and Soddy [loc. cit.) record an interesting 
experiment to illustrate the gaseous nature of the emanation. 
A large amount of the radium emanation was collected in a 
small glass tube. This tube phosphoresced brightly under the 
influence of the rays from the emanation. The passage of the 
emanation from point to point was observed in a darkened 
room by the luminosity excited in the glass. On opening the 
stop-cock connecting with the Topler pump, the slow flow through 

' Pn>e. Rny. Soe. 72, p. 204, 1903. 
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the capillary tnbe was noticed, the rapid passage along the wider 
tubes, the delay in passing through a plug of phosphorous pent- 
oxide, and the rapid expansion into the reservoir of the pump. 
When compressed, the luminosity of the emanation increased, and 
became very bright as the small bubble containing the emanation 
was expelled through the fine capillary tube. 

Diffusion of the Emanations. 

151. It has been shown that the emanations of thorium and 
radium behave like radio-active gases, distributed in minute amount 
in the air or other gas in which they are tested. With the small 
quantities of active material so far investigated, the emanations 
have not yet been collected in sufficient amount to allow the 
examination of their spectrum or to detect them by the balance. 
Although the molecular weight of the emanations caimot yet be 
obtained by direct chemical methods, an indirect estimate of it 
can be made by determining the rate of their inter-diffusion into 
air or other gases. The coefficients of inter-diffusion of various 
gases have long been known, and the results show that the 
coefficient of diffusion of one gas into another is, for the simpler 
gases, approximately inversely proportional to the square root of 
the product of their molecular weights. If, therefore, the coefficient 
of diffusion of the emanation into air is found to have a value, 
lying between that of two known gases A and B, it is probable 
that the molecular weight of the emanation lies between that of 
A and B. 

Although the amount of emanation given off from radium is 
too small to be detected by volume*, the electrical conductivity 
produced by the emanation in the gas, with which it is mixed, 
is often very large, and offers a ready means of measuring the 
emanation present. 

Some experiments have been made by Miss Brooks and the 
writer^ to determine the rate of the diffusion of the radium emana- 
tion into air, by a method similar to that employed by Loschmidt' 

J See, however, p. 313 (Feb. 1904), 

* Rutherford and Miss Brooks, Trans. Roy. Soc. Canada 1901, Chetn. News 1902. 

» Sitzungsher. d. Wiener Akad. 61, ii. p. 867, 1871. 



in 1871, in his investigations of the coefficient of inter-diffusion 
of ga,se9. 

Fig, 42 shows the general arrangement. A long brass cylinder 
AB, of length 73 cms., and diameter 6 cms., was divided into two 



J1_5UL 



T^ 



=cSS=^ 



Fig. 42. 
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equal parts by a moveable metal slide S. The ends of th< 
were closed with ebonite stoppers. Two insulated brasa 
and b, each half the length of the tube, passed through the ebonite 
stoppers and were supported centrally in the tube. The cylinder 
was insulated and connected with one pole of a battery of 300 
volts, the other pole of which was earthed. The central rods could 
be connected with a sensitive quadrant electrometer. The cylinder 
was covered with a thick layer of felt, and placed inside a metal 
box filled with cotton-wool in oi-der to keep temperature con- 
ditions as steady as possible. 

In order to convey a suiEeient quantity of emanation into 
the half-cylinder A, it was necessary to heat the radium shghtly. 
The slide S was closed and the side tubes opened. A slow 
current of dry air from a gasometer was passed through a platinum 
tube, in which a small quantity of a radium compound was placed. 
The emanation was carried with the air into the cylinder A. When 
a sufficient quantity had been introduced, the stream of air was 
stopped. The side tubes were closed by fine capillary tubes. 
These prevented any appreciable loss of gas due to the diffusion, 
but served to keep the pressure of the gas inside A at the pressure 
of the outside air. The three entrance tubes into the cylinder, 
shown in the figure, were for the purpose of initially mixing the 
emanation and gas as uniformly aa possible. 

After standing several hours to make temperature conditions 
steady, the slide was opened, and the emanation began to diffuse 
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into the tube B, The current through the tubes A and B was 
measured at regular intervals by an electrometer, with a suitable 
capacity in parallel. Initially there is no current in B, but after 
the opening of the slide, the amount in A decreased and the 
amount in B steadily increased. After several hours the amount 
in each half is nearly the same, showing that the emanation is 
nearly uniformly diffused throughout the cylinder. 
It can readily be shown ^ that if 

K = coefficient of dififusion of the emanation into air, 

t = duration of diflFusion experiments in sees., 

a = total length of cylinder. 

Si = partial pressure of emanation in tube A at end of dififusion, 
82 = partial pressure of emanation in tube B at end of dififusion, 

then 

Si-S, 8 / -'^^ 1 ^^^1 \ 

« 

Now the values of Sj and 82 are proportional to the saturation 
ionization currents due to the emanations in the two halves of the 
cylinder. From this equation K can be determined, if the relative 
values of 81 and 82 are observed after diffusion has been in progress 
for a definite interval t. 

The determination of 81 and 82 is complicated by the excited 
activity produced on the walls of the vessel. The ionization due 
to this must be subtracted from the total ionization observed in 
each half of the cylinder, for the excited activity is produced from 
the material composing the emanation, and is removed to the 
electrodes in an electric field. The ratio of the current due to 
excited activity to the current due to the. emanation depends on 
the time of exposure to the emanation, and is only proportional to 
it for exposures of several hours. 

The method generally adopted in the experiments was to open 
the slide for a definite interval, ranging in the experiments from 
15 to 120 minutes. The slide was then closed and the currents 
in each half determined at once. The central rods, which had 

1 See Stefan, Sitzung^ber. d. Wien. Akad. 63, 11. p. 82, 1871. 



1 kept negatively charged during the expfriments, had most 
the excited activity concentrated on their surfaces. These 
were removed, new rods Bubstituted and the current immediately 
determined. The ratio of the currents in the half cylinders under 
these conditions was proportional to S, and S^, the amounts of 
emanation present in the two halves of the cylinder. 

The values of K, deduced from different values of (, were found 
to he in good agreement. In the earlier experiments the values 
of K were found to vary between -08 and '12. In some later 
experiments, where great care was taken to ensure that tempera- 
ture conditions were very constant, the values of K were found to 
vary between "07 and '09. The lower value '07 is most likely 
nearer the tnie value, as temperature disturbances tend to give 
too large a value of K. No certain differences were observed in 
the value of K whether the air was dry or damp, or whether an 
electric field was acting or not. 

162. Some experiments on the rate of diffusion of the radium 
emanation into air were made at a later date by P. Curie and Darme '. 
If the emanation is contained in a closed reservoir, it has been shown 
that its activity, which is a measure of the amount of emanation 
present, decreases according to an exponential law with the time. 
If the reservoir is put in communication with the outside air 
through a capillary tube, the emanation slowly diffuses out, and 
the amount of emanation in the reservoir is found to decrease 
according to the same law aw before, but at a fester rate. Using 
tubes of different lengths and diameters, the rate of diffusion was 
found to obey the same laws as a gias. The value of K was found 
to be OlOO. This is a slightly greater value of K than the lowest 
value 0'07 found by Rutherford and Miss Brooks. No mention 
is made by Curie and Danne of having taken any special precau- 
tions against temperature disturbances, and this may account for 
the higher value of K obtained by them. 

They also found that the emanation, like a gas, always divided 
itself between two reservoirs, put in connection with one another, 
in the proportion of their volumes. In one experiment one reser- 
voir was kept at a temperature of 10° C. and the other at 350" C. 
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The emanation divided itself between the two reservoirs in the 
same proportion as a gas under the same conditions. 

153. For the purpose of comparison, a few of the coeflScients 
of interdiffiision of gases, compiled fix>m Landolt and Bernstein's 
tables, are given below. 



Gas or vapour 



CoefScient of 
diffnsion into air 



Water vapour 
Carbonic acid gas 
Alcohol vapour 
Ether vapour 
Radium emanation 



•• 




Molecular wei^^ht 



18 
44 
46 
74 
? 



The tables, although not very satisfactory for the purpose of 
comparison, show that the coeflScient of interdiflFusion follows the 
inverse order of the molecular weights. The value of K^ for the 
radium emanation is slightly less than for ether vapour, of which 
the molecular weight is 74. We may thus conclude that the 
emanation is of greater molecular weight than 74. It seems 
likely that the emanation has a molecular weight somewhere in 
the neighbourhood of 100, and is probably greater than this, 
for the vapours of ether and alcohol have higher dififusion 
coeflScients compared with carbonic acid than the theory would 
lead us to anticipate. Comparing the dififusion coeflScients of the 
emanation and carbonic acid into air, the value of the molecular 
weight of the emanation should be about 176 if the result 
observed for the simple gases, viz. that the coeflBcient of diflfusion 
is inversely proportional to the square root of the molecular 
weights, holds true in the present case. On the disintegration 
theory developed in chapter x, it is to be expected that the 
atomic weight of the emanation should be slightly less than 225, 
the atomic weight of radium. 

It is of interest to compare the value oi K= 07 with the value 
of K determined by Townsend (section 37) for the gaseous ions 
produced in air at ordinary pressure and temperature, by Rontgen 
rays or by the radiations jfrom active substances. Townsend found 
that the value of K in dry air was "028 for the positive ions 
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end '043 for the negative ions. The radium emanation thus 
diffiiaea more rapidly than the ions produced by its radiation in 
the gaB, and behaves as if its mass were smaller than that of 
the ions produced in air, but considerably greater than that of 
the air molecules with which it ia mixed. 

It is not possible to regard the emanation ae a temporarily 
modified condition of the gas originally in contact with the active 
body. Under such conditions a much larger value of K would be 
expected. The evidence derived from the experiments on diffusion 
strongly siipports the view that the emanation is a gas of heavy 
molecular weight. 

Diffusion of the Thorium Emanation. 

154. On account of the rapid decay of the activity of the 
thorium emanation, it ia not possible to determine the value of K 
its coefficient of diffusion into air by the methods employed for the 
radium emanation. The value of K has been determined by the 
writer in the following way. A plate G, 
Fig. 43, covered with thorium hydroxide, was 
placed horizontally near the base of a long 
vertical brass cylinder P. The emanation 
released from the thorium compound diffuses 
upwards in the cylinder. 

Let j; be the partial pressure of the emana- 
tion at a distance x from the source G. This 
will be approximately uniform over the cross 
section of the cylinder. From the general 
principles of diffusion we get the equation 

dx'' ~ dt ■ 

Fig. 43. 
The emanation is continuously breaking 
up and expelling a particles. The emanation -residue gains a posi- 
tive charge, and, in an electric field, is at once removed from the 
gas to the negative electrode. 

Since the activity of the emBnation at any time ia always 
proportional to the number of particles which have not broken up. 
and since the activity decays with the time according to an 
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exponential law, p = pi6"^^ where j), is the value of p when i = 
and X is the radio-active constant of the emanation. 

Then t = -^P' 

and df« = -^^- 

Thus J9=il6"^r* + A 

Since p = when a? = cx) , 5 = 0. 
If/) =spo when a? = 0, ^ = po- 

Thus p = |)o«" ^ Jf . 

It was not found convenient in the experiments to determine 
the activity of the emanation along the cylinder, but an equivalent 
method was used which depends upon measuring the distribution 
of "excited activity," produced along a central rod AB, which is 
charged negatively. 

It will be shown later (section 167) that the amount of excited 
activity at any point is always proportional to the amount of 
emanation at that point. The distribution of "excited activity" 
along the central rod from the plate G upwards thus gives the 
variation of j^ for the emanation along the tube. 

In the experiments, the cylinder was filled with dry air at 
atmospheric pressure and was kept at a constant temperature. 
The central rod was charged negatively and exposed from one to 
two days in the presence of the emanation. The rod was then 
removed, and the distribution of the excited activity along it 
determined by the electric method. It was found that the amount 
of excited activity fell off with the distance x according to an 
exponential law, falling to half value in about 1*9 cms. This is in 
agreement with the above theory. 

Since the activity of the emanation falls to half value in 
1 minute, \ = 0115. The value if = '09 was deduced from the 
average of a number of experiments. This is a slightly greater 
value than if = 07, obtained for the radium emanation, but the 
results show that the two emanations do not differ much from 
one another in molecular weight. 
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Diffusion of the Emanation into Liquids. 
165- Experiments have been made by Wallatabe^ on the 
ioefficient of diffusion of the radium emanation into various liquids. 
le radJUHi emanation was allowed to diffuse into a closed reservoir, 
tontaining a cylinder of the liquid under observation. The cylinder 
'as provided with a tube and a atop-cock extending beyond the 
losed vessel, so that different layers of the liquid could be removed. 
"he liquid was then placed in a closed testing vessel, where the 
mization current due to the escape of the emanation firam the 
quid waa observed to rise to a maximum after several hours, and 
len to decay. This maximum value of the current was taken as 
measure of the amount of emanation absorbed in the liquid. 

The coefficient of diffusion K of the emanation into the liquid 
ui be obtained from the same equation used to determine the 
iffusion of the thorium emanation into air, 

here \ is the constant of decay o.f activity of the radium emana- 
tion and X the depth of the layer of water from the surface. 



Putting a = */ ^1 it 



was found that 



for water a = l'6, 
tor toluol a = -75. 

The value of \ expressed in terms of a day as the unit of time 
about '17. 
Thus the value of K for the diffusion of the radium emanation 



The value of K found by Stefan- for the diffusion of carbon 

[oxide into water was 1'36 , ' . These results are thus in har- 
day 

nony with the conclusion drawn from the diffusion of the radium 

emanation into air, and show that the radium emanation behaves 

IS a gas of high molecular weight. 

■ Phyt. Zeit. 1, p. 731, 1908. 

> Wiin. SiUuni/iber. 2. p. 371, 1878. 
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Condensation of the Emanations. 

166. Condensation of the emanations. During an in- 
vestigation of the eflfect of physical and chemical agencies on 
the thorium emanation, Rutherford and Soddy^ found that the 
emanation passed unchanged in amount through a white-hot 
platinum tube and through a tube cooled to the temperature 
of solid carbon dioxide. In later experiments, the effects of still 
lower temperatures were examined, and it was then found that at 
the temperature of liquid air both emanations were condensed". 

If either emanation is conveyed by a slow stream of hydrogen, 
oxygen or air through a metal spiral immersed in liquid air, and 
placed in connection with a testing vessel as in Fig. 37, no trace 
of emanation escapes in the issuing gas. When the liquid air is 
removed and the spiral plunged into cotton-wool, several minutes 
elapse before any deflection of the electrometer needle is observed, 
and then the condensed emanation volatilizes rapidly, and the 
movement of the electrometer needle is very sudden, especially 
in the case of radium. With a fairly large amount of radium 
emanation, under the conditions mentioned, a very few seconds 
elapse after the first sign of movement before the electrometer 
needle indicates a deflection of several hundred divisions per 
second. It is not necessary in either case that the emanating 
compound should be retained in the gas stream. After the 
emanation is condensed in the spiral, the thorium or radium 
compound may be removed and the gas stream sent directly 
into the spiral. But in the case of thorium under these condi- 
tions, the effects observed are naturally small owing to the rapid 
loss of the activity of the emanation with time, which proceeds at 
the same rate at the temperature of liquid air as at ordinaiy 
temperatures. 

If a large amount of radium emanation is condensed in a glass 
U tube, the progress of the condensation can be followed by the 
^y®» l>y means of the phosphorescence which the radiations excite 
in the glass. If the ends of the tube are sealed and the tempera- 
ture allowed to rise, the glow diffuses uniformly throughout the 

1 Phil Mag. Nov. 1902. 

2 Phil Mag. May 1903. 
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; tube, and can be concentrated at any point to i 
local cooling of the tube with liquid air. 



' extent by 



157. Experimental airangements. A simple experimental 
arrangement to illustrate the condensation and volatilization of the 
emanation and some of ita charac- \^^ 

teristic properties is shown in Fig. 
44. The emanation obtained by 
solution or heating, from a tew milli- 
grams of radium bromide, is con- 
densed in the glass U tube jTim- K 11 f N 
mersed in liquid air. This U tube 
is then put into connection with a 
larger glass tube V^, in the upper 
part of which is placed a piece of 
73DC sulphide screen Z, and in the 
lower part of the tube a piece of the 
mineral willemite. The stop-cock 

A is closed and the U tube and 

the vessel V are partially exhausted ^"s- **■ 

by a pump through the stop-cock B. This lowering of the pressure 
causes a more rapid diffusion of the emanation when released. The 
emanation does not escape if the tube T is kept immersed in liquid 
air. The stop-cock B is then closed, and the liquid air removed. 
No luminosity of the screen or the willemite in the tube V is 
observed for several minutes, until the temperature of T rises 
above the point of volatilization of the emanation. The emana- 
tion is then rapidly carried into the vessel V, partly by expansion 
of the gas in the tube T with rising temperature, and partly by 
the process of diffusion. The screen Z and the willemite are 
caused to phosphoresce brilliantly under the influence of the rays 
from the emanation surrounding them. 

If the end of the vessel V is then plunged into liquid air, the 
emanation is again condensed in the lower end of the tube, and the 
willemite phosphoresces much more brightly than before. This is 
not due to an increase of the phoBphorescence of willemite at the 
temperature of the liquid air, but to the effect of the rays fiwm 
the emanation condensed around it. At the same time the lumin- 



oBity of thi! zinc sulphidi? graclually rliminishes, and practicaUy 
disappears after several hours if the end of the tube is kept in 
the liquid air. If the tulje is removed from the liquid air, 
thf emanation again volatilizes and lights up the screen Z. The 
luminosity of the willemite returns to its original value aft.er the 
lapse of several hours. This slow change of the luminoititj' of 
the zinc sulphide screen and of the willemite is due to the gradual 
decay of the "excited activity" produced by the emanation on 
the surface of all bodies exposed to its action (chapter viii), 
The luminosity of the screen ia thus due partly to the radiation 
from the emanation and partly to the excited radiation caused 
by it. As soon as the emanation is removed from the upper 
to the lower part of the tube, the " excited " radiation gradually 
diminishes in the upper and increases in the lower part of the 
tube. I 

The luminosity of the screen gradually diminishes vdth the 
time as the enclosed emanation loses its activity, but is still 
appreciable after several weeks interval. 

An apparatus of a similar character to illustrate the condenss- 
tion of the radium emanation has been described by P. Curie', 

158. Determination of the temperature of condensa- 
tion. A detailed investigation was made by Rutherford and 
Soddy (toe. ct'*.) of the temperatures at which condensation and 
volatilization commenced for the two emanations. The experi- 
mental arrangement of the first method is shown clearly in Fig. 45, 
A slow constant stream of gas, entering at A, was passed through 
a copper spiral S, over 3 metres in length, immersed in a bath 
of liquid ethylene. The copper spiral was made to act as ita 
own thermometer by determining its electrical resistance. The 
resistance temperature curve was obtained by observation of the 
resistances at 0°, the boiling point of liquid ethylene — 103'5', 
the solidification point of ethylene —169" and in liquid air. The 
temperature of the liquid air was deduced from the tables given 
by Baly for the boiling point of liquid air for different percenta^ 
of oxygen. The resistance temperature curve, for the particular 
spiral employed, was foun<l to be nearly a straight line between 
■ Soci^t^ da Pfayalqne, 11103. 



0" and — 192° C. cuttiug the temperature axis if produced nearly 
at the absolute zero. The rtisistance of the spiral, deduced from 




Fig. 45. 

readings on an accurately calibrated Weston millivtiltmeter, with 
a constant current through the apical, was thus very approximately 
proportional to the absolute temperature. The hquid ethylene was 
kept vigorously stirred by an electric motor, and was cooled to any 
desirable temperature by surrounding the vessel vinth liquid air. 

The general method employed for the radium emanation was 
to pass a suitable amount of emanation, mixed with the gaa to be 
employed, from the gas holder B into the spiral, cooled below the 
temperature of condensation. After the emanation was condensed 
in the spiral, a current of electrolytic hydrogen or oxygen was 
passed through the spiral. The temperature was allowed to 
rise gradually, and was noted at the iriatant when a deflection of 
the electrometer, due to the presence of emanation in the testing 
vessel T. was observed. The resistance, subject to a slight correc- 
tion due to the time taken for the emanation to be carried into 
the testing vessel, gave the temperature at which some of the 
emanation commenced to volatilize. The ionization current in 
the testing vessel rose rapidly to a maximum value, showing that, 
for a small increase of temperature, the whole of the radium 
emanation was volatilized. The following table gives an illustration 
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of the results obtained for a current of hydrogen of 1*38 cubic 
centimetres per second. 



rn . Divisions per 

Temperature „j ^^ ^,^4^ 



second 
electrometer 



160'' 

156" 

154''-3 

153''-8 

152''-5 







1 

21 

24 



The following table shows the results obtained for different 
currents of hydrogen and oxygen. 





Current of Gas 


Ti 


^2 


Hydrogen ... 

>» 

Oxygen 


-25 c.c. per sec. 

•32 „ „ 

•92 „ „ 
1-38 „ „ 
2*3 „ „ 

•34 „ 

•58 „ „ 


-151-3 
- 1537 
-152 
-154 
- 162-5 
- 152-5 
-155 


-150 

-151 

-151 

-153 

-162 

-151-5 

-153 



The temperature Ti in the above table gives the temperature 
of initial volatilization, T^ the temperature for which half of the 
condensed emanation had been released. For slow currents of 
hydrogen and oxygen, the values of 2\ and T, are in good agree- 
ment. For a stream of gas as rapid as 2*3 cubic centimetres per 
second the value of ?\ is much lower. Such a result is to be 
expected, for, in too rapid a stream, the gas is not cooled to the 
temperature of the spiral, and, in consequence, the inside surfiskce 
of the spiral is above the mean temperature, and some of the 
emanation escapes at a temperature apparently much lower. In 
the case of oxygen, this effect appears for a gas stream of 0*58 cubic 
centimetres per second. 

In the experiments on the thorium emanation, a slightly dif- 
ferent method was necessary, on account of the rapid loss of its 
activity. The steady stream of gas was passed over the thorium 



compound, and the temperature was observed at t.hL- instant an 
appreciable movement of the electrometer was observed. This 
gave the temperature at which a small fraction of the thonuno 
emanation escaped condensation, and not the vahie T, observed 
for the radium emanation, which gave the temperature for which 
a small fraction of the previously condensed emanation was 
volatilized. 

The following table illustrates the results obtained. 





Carreot of Gas 


Temperalare ' 


Oxygon 


71 c.c. per seo. 
1-38 „ 
■B8 „ 


- 156° C. 
-159°C. 
-165°C. 



On comparing these results with the values obtained for the 
radium emanation, it will be observed that with equal gas streams 
the temperatures are nearly the same. 

A closer examination of the thorium emanation showed, how- 
ever, that this apparent agreement was only accidental, and that 
there was, in reality, a very marked difference in the effect of tem- 
perature in the two emanations. It was found experimentally that 
the radium emanation was condensed very near the temperature 
at which volatilization commenced, and that the points of conden- 
sation and volatilization were fairiy sharply defined. 

On the other hand, the thorium emanation required a range 
of over 30° C. after condensation had started in order to ensure 
complete condensation. Fig. 46 is an example of the results 
obtained with a steady gas stream of 1-38 c.c, per sec. of oxygen. 
The ordinates represent the percentage proportion of the emana- 
tion uncondensed at different temperatures. It will be observed 
that condensation commences about — 120°, and very little of the 
emanation escapes condensation at — 155" C. 

To investigate this difference of behaviour in the two emana- 
tions, a static method was employed, which allowed determinations 
of the two emanations to he made under comparable conditions. 
The emanation, mixed with a small amount of the gas to be used, 
was introduced into the cool spiral, which had previously been 
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exhausted by means of a merciiiy pump. The amount of emana- 
tion remaining imcondensed after definite intervals was rapidly 
removed by means of the pump, and was carried with a constant 
auxiliary stream of gas into the testing vessel 



100 




•120 -130 -140 -150 -160 

Temperature Centigrade 

Fig. 46. 

Tested in this way, it was found that the volatilization point 
of the radium emanation was very nearly the same as that ob- 
tained by the blowing method, viz. — 150° C. With thorium, on 
the other hand, the condensation started at about — 120° C, and, 
as in the blowing method, continued over a range of about 30° C. 
The proportion of the emanation condensed at any temperature 
was found to depend on a variety of conditions, although the point 
at which condensation commenced, viz. — 120° C, was about the 
same in each case. It depended on the pressure and nature of the 
gas, on the concentration of the emanation, and on the time for 
which it was left in the spiral. For a given temperature a greater 
proportion of the emanation was condensed, the lower the pressure 
and the longer the time it was left in the spiral. Under the 
same conditions, the emanation was more rapidly condensed in 
hydrogen than in oxygen. 



Thus there is no doubt that the thorium emanation 
begins to wmdense at a temperature higher than that at which 
the radium emantition condenses. The explanation of the pecu- 
liar beha\'iour of the thorium emanation is clear when the small 
number of emanation particles present in the gas are taken into 
consideration. It has been shown that both emanations give 
out only a rays. It is probable that the a particles from the 
two emanations are aimUar in character and produce about the 
same number of ions in their jiassage through the gas, The 
number of ions produced by each a particle before its energy 
is dissipated is probably about 70,000. (See section 104.) 

Now in the experiment the electrometer readily measured 
a current of 10~' electrostatic units. Taking the charge on an ion 
&s 34 X 10~" electrostatic units, this corresponds to a production in 
the testing vessel of about 3 x 10" ions per sec., which would be 
produced by about 40 expelled a particles per second. Each 
tadiating particle cannot espel less than one a particle and may 
«xpel more, but it is likely that the number expelled by an atom 
of the thorium emanation is not greatly different from the number 
liy an atom of the radium emanation. 

In section 124 it has been shown that, according to the law of 
decay, XN particles change per second when N are preiwnt. Tbua 
to produce 40 a particles, XN cannot be greater than 40. Since for 
the thorium emanation \is 1/87, it follows that JV^ cannot be greater 
i^han 3500. The electrometer thus detected the presence of 3500 
particles of the thorium emanation, and «nce in the static method 
the volume of the condensing spiral was about 15 cc, this corre- 
i to a concentration of about 230 particles per cc. An 
,■ gas at atmospheric pressure and temperature probably 
GtHitains about 3'6 x 10" molecules per cc. Thus the emanation 
would have been det*<;ted on the spiral if it possessed a partial 
liressure of less than 10"" of an atmosphere. 

It is thus not surprising that the condensation point of the 
thoriiun emanation is not sharply defined. It is rather a matter 
of remark that condensation should occur so readily with so 
a distribution of emanation particles in the gas : for, in order 
that condensation may take place, it is probable that the particles 
biust approach within one another's sphere of influence. 

%V^1 
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Now in the case of the radium emanation, the rate of decay 
is about 5000 times slower than that of the thorium emanation, 
and consequently the actual number of particles that must be 
present to produce the same number of rays per second in the two 
cases must be about 5000 times greater in the case of radium 
than in the case of thorium. This conclusion involves only the 
assumption that the same number of rays is produced by a 
particle of emanation in each case, and that the expelled particles 
produce in their passage through the gas the same number of 
ions. The number of particles present, in order to be detected 
by the electrometer, in this experiment, must therefore have 
been about 5000 x 3500, i.e. about 2 x 10^ The difiference of 
behaviour in the two cases is well explained by the view 
that, for equal electrical effects, the number of radium emana- 
tion particles must be far larger than the number of thorium 
emanation particles. It is to be expected that the probability 
of the particles coming into each other's sphere of influence wiD 
increase very rapidly as the concentration of the particles in- 
creases, and that, in the case of the radium emanation, once the 
temperature of condensation is attained, all but a small proportion 
of the total number of particles present will condense in a very 
short time. In the case of the thorium emanation, however, the 
temperature might be far below that of condensation, and yet 
a considerable portion remain uncondensed for comparatively long 
intervals. On this view the experimental results obtained are 
exactly what is to be expected. A greater proportion condenses, 
the longer the time allowed for condensation under the same con- 
ditions. The condensation occurs more rapidly in hydrogen than 
in oxygen, as the diffusion is greater in the former gas. For the 
same reason the condensation occurs faster the lower the pressure 
of the gas present. Finally, when the emanation is carried by 
a steady gas stream, a smaller proportion condenses than in the 
other cases, because the concentration of emanation particles per 
unit volume of gas is less in these conditions. 

It is possible that the condensation of the emanations i^ay not 
occur in the gas itself but at the surface of the containing v«ri 
Accurate observations of the temperature of condensation hav^^ 
far only been made in a copper spiral, but condensation certai 



ticcTirs in tubes of lead or glass at abuut th.e name temperature aa 
in tubes of copper. 



160. Ill experiments that were made by the Htatit- methtjd 
with a very large quantity of radium emanation, a slight amount 
of escape of the condensed emanation was observed several degrees 
below the temperature at which most of the emanation was released. 
This is to be expected, since under such conditions the electrometer 
is able to detect a very minute proportion of the whole quantity of 
the emanation condensed. 

Special experiments, with a large quantity of emanation, that 
were made with the spiral immersed in a bath of rapidly boiling 
nitric oxide, showed this effect very clearly. For example, the con- 
densed emanation began to volatilize at — 155°C. In 4 minutes 
the temperature had risen to — 153-5°, and the amount volatilized 
was four times as great as at — 155°. In the next 5^ minutes the 
temperature had increased to 152-3^ and practically the whole 
quantity, which was at least fifty times the amount at the 
temperature of — ISS'S", had volatilized. 

It thus seems probable that, if the temperature were kept 
steady at the point at which volatilization was first observed, 
and the released emanation removed at intervals, the whole of 
the emanation would in course of time be liberated at that tem- 
perature. These results also point to the probability that the 
condensed emanation possesses a true vapour pressure, but great 
refinements in experimental methods would be necessary before 
such a conclusion could be definitely established. 

The true temperature of condensation of the thorium emana- 
I tion is probably about — 120° C, and that of radium about 
I — ISO" G. Thus there is no doubt that the two emanations are 
Bauite distinct from each other in this respect, and also with regard 
mko their radio-activity, although they both possess the property 
Hf chemical inertness. These results on the temperatures of 
^Bondensation do not allow us to make any comparison of the 
H^ndensation points of the enmnations with those of known gases, , 
Hpice the lowering of the condensation point of gases with diminu- I 
^Ron of pres.sure has not been studied at such extremely minute J 
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161. It was found ^ that the activity of the thorium emanatioD 
decayed at the same rate, when condensed in the spiral at the 
temperature of liquid air, as at ordinary temperatures. This is in 
accord with results of a similar kind obtained by P. Curie for the 
radium emanation (section 136), and shows that the value of the 
radio-active constant is unaffected by wide variations of tempera- 
ture. 

Amount of Emanation from Radium and Thorium, 

162. It has been shown in section 104, that 1 gram of radium 
emits about 10^^ a particles per second. Since the activity due to 
the emanation stored up in radium, when in a state of radio-active 
equilibrium, is about one quarter of the whole, the number of a 
particles projected per second by the emanation from 1 gram of 
radium is about 2*5 x 10^®. It has been shown in section 143, 
that 463,000 times the amount of emanation produced per second 
is stored up in the radium. But in a state of radio-active equi- 
librium, the number of emanation particles breaking up per second 
is equal to the number produced per second. Assuming that each 
emanation particle in breaking up expels one a particle, it follows 
that the number of emanation particles, present in 1 gram of 
radium in radio-active equilibrium, is 463,000 x 2*5 x 10>®, ie. 
1*2 X 10^*. Taking the number of hydrogen molecules in 1 c.c. of gas 
at atmospheric pressure and temperature as 3*6 x 10^* (section 39), 
the volume of the emanation from 1 gram of radium is 3*3 x 10^ 
cubic centimetre at atmospheric pressure and temperature. Quite 
independently of any method of calculation, it is evident that the 
volume of the emanation is very small, for attempts made to 
detect its presence by its volume have so far failed. It is probable, 
however, from the above calculation, that, when larger quantities 
of radium are available for experiment, the emanation will be 
collected in volume sufficiently large to measure. 

In the case of thorium, the maximum quantity of emanation to 
be obtained from 1 gram of the solid is very minute, both on account 
of the small activity of thorium and of the rapid break up of the 
emanation after its production. Since the amount of emanation, 

^ Rutherford and Soddy, Phil, Mag, May, 1903. 



stored m a non-fmanating ttorium compoiind, is only 87 times 
the rate of production, while in radium it is 463,000 times, and the 
rate of production of the emanation by radium ie about 1 million 
times fester than by thorium, it follows that the amount of emana- 
tion to be obtained from 1 gram of thorium is not greater than 
lO""* of the amount from an equal weight of radium, i.e. its volume 
is not greater than 5 X 10~" c.c. at the ordinary pressure and 

» temperature. Even with large quantities of thorium, the amount 
. of emanation is too small ever to be detected by its volume. 

Heat Einission of the Radium Emanation. 

163. It has been shown in section 106, that the radium 
emanation emits heat at a rapid rate and is respimsible for about 
70 °/„ of the heating effect of radium. The emanation from 1 gram 
of radium, together with the heat effect due to the excited activity 
on the walla of the containing vessel, thus gives rise to an emission 
of heat of about 70 gram-calories per hour. This rate of heat 
emission decays according to an exponential law with the time, 
decreasing to half value in about four days. The total quantity of 

heat given out duiing the lite of the emanation is ^ , where q is 

the initial rate of heat production and \ is the radio-active 
constant of the emanation. Since the value of X expressed in 
hours (section 136) is 1/128 and q is 70, the total quantity of 
heat emitted from the emanation from 1 gram of radium is about 
10,000 gram -calories. But the volume of this emanation is about 
3'3 X 10~* c.c. ThiiB the total heat emitted from one cubic centi- 
metre of the emanation at standard pressure and temperature 
would he about 3 x 10' gram-calories. The initial rate of emission 
of heat is 2 X 10° gram-calories per hour or 60 gram-calories per 
second. This rapid emission of heat would be- sufficient to heat 
to redness if not to melt down the tube which contains the 
emanation. 

K the atomic weight of the emanation is taken to be about 200, 
it can be calculated that 1 pound weight of the emanation would 
initially radiate heat at the rate of about 8000 horse-power, and in 
the whole course of its heat emission would radiate an amount of 
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energy corresponding to 40,000 horse-power days. In order to 
obtain such an amount of emanation about 70 tons of radium 
would be required. 

Swmmary of Results, 

164. The investigations into the nature of the radio-active 
emanations have thus led to the following conclusions: — The radio- 
elements thorium and radium continuously produce from themselves 
radio-active emanations at a rate which is constant under all con- 
ditions. In some cases, the emanations continuously diffuse from 
the radio-active compounds into the surrounding gas; in other 
cases, the emanations are unable to escape from the material in 
which they are produced but are occluded, and can only be released 
by the action of solution or heat. 

The emanations possess all the properties of radio-active gases. 
They diffuse through gases, liquids, and porous substances, and can 
be occluded in some solids. Under varjdng conditions of pressure, 
volume, and temperature, the emanations distribute themselves in 
the same way and according to the same laws as does a gas. 

The emanations possess the important property of condensation 
under the influence of extreme cold, and by that means can be 
separated from the gases with which they are mixed. The radia- 
tion from the emanation is material in nature, and consists of a 
stream of positively charged particles projected with great velocity. 

Taking all these properties into consideration, it is difficult to 
avoid the conclusion that the emanations are material and exist 
in the gaseous state. The emanations possess the property of 
chemical inertness, and in this respect resemble the gases of the 
argon family. The emanations are produced in minute amount; 
sufficient quantity has not yet been obtained to examine by 
ordinary chemical methods. With regard to their rates of dif- 
fusion, the emanations of both thorium and radium behave like 
gases of high molecular weight. 

These emanations have been detected and their properties 
investigated by the property they possess of emitting radiations of 
a special character. These radiations consist entirely of a rays, 
%£. particles, projected with great velocity, which carry a positive 
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charge and have a mass about twice that of the hydrogen atom. 
The emanations do not possess the property of permanently radiat- 
ing, but the intensity of the radiations diminishes according to an 
exponential law with the time, falling to half value, in the case of 
thorium in one minute, and in case of radium in about four days. 
The law of decay of activity does not seem to be influenced by 
any physical or chemical agency. 

The emanation particles gradually break up, each particle as it 
breaks up expelling a charged body. The emanation after it has 
radiated ceases to exist as such, but is transformed into a new 
kind of matter, which is deposited on the surface of bodies and 
gives rise to the phenomena of excited activity. This last property, 
and the connection of the emanation with it, is discussed in detail 
in the succeeding chapter. 



CHAPTER IX. 

EXCITED RADIO-ACTIVITY. 

166. Excited nulio-activity. One of the most interestiiig 
and remarkable properties of thorium and radium is their power of 
" exciting " or " inducing " temporary activity on all bodies in their 
neighbourhood. A substance which has been exposed for some 
time in the presence of radium or thorium, behaves as if its surfece 
were covered with an invisible deposit of intensely radio-active 
material. The " excited" body emits radiations capable of affecting 
a photographic plate and of ionizing a gas. Unlike the radio- 
elements themselves however, the activity of the body does not 
remain constant after it has been removed from the influence of 
the exciting active material, but decays with the time. The 
activity lasts for several hours when due to radium and several 
days when due to thorium. 

This property was first observed by M. and Mme Curie ^ for 
radium, and independently by the writer^ for thorium*. 

1 C. R. 129, p. 714, 1899. « Phil. Mag, Jan. and Feb. 1900. 

3 As regards date of publication, the priority of the discovery of ** excited 
activity " belongs to M. and Mme Curie. A short paper on this snbject, entitled 
** Sur la radioactivite provoqu^e par les rayons de Becqnerel," was communicated 
by them to the Comptes Rendus, Nov. 6, 1899. A short note was added to the 
paper by Becquerel in which the phenomena of excited activity were ascribed to i 
type of phosphorescence. On my part, I had simultaneously discovered the 
emission of an emanation from thorium compounds and the excited activity 
produced by it, in July, 1899. I, however, delayed publication in order to work 
out in some detail the properties of the emanation and of the excited activity and 
the connection between them. The results were published in two papers in the 
Philosophical Magazine (Jan. and Feb. 1900) entitled "A radio-active substaiwe 
emitted from thorium compounds'' and '* Radio-activity produced in sabstanoes by 
the action of thorium compounds.'' 
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166. CcmccnftiiKttoii oC ^Ecft^fd. mdlo-aclivily on tlic 
nc^mthre electrode. When thcoinm or radium is placed in a 

closed vessel, the whole interior sarbce becomes stnHiglT active. 
In a strong electric field, on the other hand, the writer found that 
the acti\"itv was confined entiielv to the negative electrode. Bv 
miitable arrangements, the whole of the excited actiTitr, which 
was previously distributed over the sur&ce of the veaseU can be 
concentrated on a small negative electrode placed inside the vessel 
An experimental arrangement for this purpose is shown in Fig. 48. 




Fig. 48. 

The metal vessel V containing a large amount of thoria is con- 
nected to the positive pole of a battery of about 300 volts. The 
wire iljB to be made active is &stened to a stouter rod BC, passing 
through an ebonite cork inside a short cylinder D, fixed in the side 
of the vessel. This rod is connected with the negative pole of the 
battery. In this way the wire ^1? is the only conductor exposed 
in the field with a negative charge, and it is found that the whole 
of the excited activity is concentrated upon it. 

In this way it is possible to make a short thin metal wire over 
10,000 times as active per unit surfetce as the thoria fix)ni which 
the excited activity is derived. In the same way, the excited 
activity due to radium can be concentrated mainly on the negative 
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rfectrode. In the case of thorium, if the central wire is charged 
positively, it shows no appreciable activity. With radium, however, 
a positively charged body becomes slightly active. In most cases, 
the amount of activity produced on the positive electrode is not 
more than 5"/^ of the corresponding amount when the body is 
negatively charged. For both thorium and radium, the amoiint of 
excited activity on electrodes of the same size is independent of 
their material. 

All metals are made active to equal extents for equal times of 
exposure. When no electric field is acting, the same amount 

_ of activity is produced on insulators like mica and glass as on 

I ccmductora of equal dimensions. 

167. Connection between the emanations and excited 
activity. An examination of the conditions under which excited 
activity is produced shows that there is a very close connection 
between the emanation and the excited activity. If a thorium 
compound is covered with several sheets of paper, which cut off the 
a rays but allow the emanation t« pass through, excited activity is 
still produced in the space above it. If a thin sheet of mica ia 
waxed down over the active material, thus preventing the escape of 
the emanation, no excited activity is produced outside it. Uranium 
and polonium which do not give off an emanation are not able to 
produce excited activity on bodies. Not only is the presence of 
the emanation necessary to cause excited activity, but the amount 
of excited activity is always proportional to the amount of emana- 
tion present. For example, de-emanated thoria produces very 
little excited activity compared with ordinary thoria. In all cases 
the amount of excited activity produced is proportional to the 
emanating power. The emanation when passing through an 
electric field loses its property of exciting activity at the same 
rate as the radiating power diminishes. This was shown by the 
following experiment. 

A slow constant current of air from a gasometer, freed from 
dust by its passage through cotton-wool, pas.sed through a rectangu- 
lar wooden tube 70 cms. long. Four equal insulated metal plates 
A, B, G, D, were placed at regular intervals along the tube. The 
positive pole of a battery of 300 volts was connected j 
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plate placed in the bottom of the tube, while the negative puk' 
was connected with the four plates. A mass of thuria was placed 
in the bottom of the tube under the plate A, and tha r!iirrent dw 
to the emanation determined at each of the four plates. After 
passing a current of air of 0*2 cm. per second, for 7 houra a\img tht 
tube, the plates were removed and the amount of excited actirity 
produced on them was tested bj the electric method. The follow- 
ing results were obtained. 





Belative carrent 
dne to emanation 


Relative excited 
activity 


Plate J ... 
„ S ... 

„ ... 
„ D ... 


1 

■18 
■072 


■43 
-16 

■061 



Within the errors of measurement, the amount of excited 
activity is thus proportional to the radiation from the emanatico, 
i.e. to the amount of emanation present. The same consideraticou 
hold for the radium emanation. The emanation in this case, «i 
account of the slow loss of its activity, can be stored mixed with 
air for long periods in a gasometer, and its effects tested quite 
independently of the active matter from which it is produced. 
The ionization current due to the excited activity produced by the 
emanation is always proportional to the current due to the emana- 
tion for the period of one month or more that its activity is Urge 
enough to be conveniently measured by an electrometer. 

If at any time during the interval, some of the emanation a 
removed and introduced into a new testing vessel, the ionization 
current will immediately commence to increase, rising in the course 
of four or five hours to about twice its original value. This increase 
of the current is due to the excited activity produced on the walls 
of the containing vessel. On blowing out the emanation, the 
excited activity is left behind, and at once begins to decay. 
Whatever its age, the emanation still possesses the property of 
causing excited activity, and in amount always proportional to ito 
activity, i.e. to the amount of emanation present. 

These results show that the power of exciting activity oa 



nafitive substances is a property of the radio-active emanations, 
tud is proportional to the amount of emanation preaent. 

The phenomenon of excited activity cannot be ascribcid to a 
[ype of phosphorescence produced by the rays from the emanation 
in bodies ; for it has been shown that the activity can be concen- 
pated on the negative electrode in a strong electric field, even if 
ihe electrode is shielded from the direct radiation from the active 
nibstance which gives off the em&nation. The amount of excited 
ictivity does not seem in any way connected with the ionization 
iroduced by the emanation in the gas with which it is mixed, 
r example, if a closed vessel is constructed with two large 
raUel insulated metal plates on the lower of which a layer of 
iria is spread, the amount of thy excited activity on the upper 
date when charged negatively, is independent of the distance 
►etwcen the plates when that distance ia varied from 1 millimetre 
(J 2 centimetres. This experiment shows that the amount of 
occjted activity depends only on the amount of emanation, eniitted 
com the thoria; for the ionization produced with a distance of 
! centimetres between the plates is about ten times ua great as 
rith a distance of 1 millimetre. 

188. If a platinum wire is made active by exposure to the 
lation of thoria, its activity^ can be removed by treating the 

i with certain acids. For example, the activity ia not much 
Itered by immersing the wire in hot or cold water or nitric acid, 
lut more than 80°/^ of it is removed by dilute or concentrated 
olutions of sulphuric or hydrrwhloric acid. The activity ha,s not 
leen destroyed by this treatment but is manifested in the solution. 
F the solution is evaporated, the activity remains behind on the 

iish. 

These results show that the excited activity is due to a deposit 
1 the surfaee of bodies of radio-active matter which has definite 
roperties as regards solution in acids. This active matter is 
dissolved in some acids, but, when the solvent is evaporated, the 
active matter is left behind. This active matter is deposited on 
the surface of bodies, for it can be partly removed by rubbing the 
body with a cloth, and almost completely by scouring the plate 
' Rutlierfoni, Fhil. Mag. Feb. lilOO. 
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with sand or emery paper. The amount of active matter deposited 
is extremely small, for no difference of weight has been detected 
in a platinum wire when made extremely active. On examining 
the wire under a microscope, no trace of foreign matter is observed 
It follows from these results that the matter which causes excited 
activity is many thousand times more active, weight for weight, 
than radium itself 

It is convenient to have a definite name for this radio-active 
matter, for the term " excited activity " only refers to the radiation 
from the active matter and not to the matter itself. Since the 
matter which produces the phenomena of excited radio-activity is 
derived from the emanation of thorium and of radium, the name 
emanation X will be given to it. This is chosen from analogy to the 
active products Ur X and Th X which are continuously produced 
from uranium and thorium respectively. The emanation X from 
thorium is different in chemical and other properties from the 
emanation X from radium. For example, each type of matter has 
a distinctive rate of decay of activity, as well as some diflFerences 
in solubility by acids. 

On the view developed in section 127, the emanation X is the 
residue left behind from each atom of the emanation of thorium 
or of radium after one or more a particles have been expelled. The 
emanation X is an unstable substance, and its atoms again break 
up, giving rise to "excited activity," i.e, to the radiation from 
" emanation X." 

The emanation X is quite distinct in chemical and physical 
properties from the emanation which produces it. For example, 
emanation X behaves as a solid, which is deposited on the surface 
of bodies, while the emanation exists in the gaseous state. The 
emanation is insoluble in hydrochloric or sulphuric acids, while 
emanation X is readily soluble in both. 

169. Decay of the excited activity produced by thorium. 

The excited activity produced in a body after a long exposure to 
the emanations of thorium, decays in an exponential law with the 
time, falling to half value in about 11 hours. The following table 
shows the rate of decay of the excited activity produced on a brass 
rod. 
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Time ID hoort 



23-4 
29-S 
3S-6 
49-S 



The results are shown graphically in Fig. 49, Curve A. 
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Fig. 49. 

The intensity of the radiation / after any time t is given by 

-=■ = e"** where X is the radio-active constant. 

The rate of decay of excited activity, Kke that of the activity of 
other radio-active products, is not appreciably affected by change of 
conditions. The rate of decay is independent of the concentration of 
the excited activity, and of the material of the body in which it is 
produced. It is independent also of the nature and nresBure of the 
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gas in which it decays. The rate of decay is unchanged whether 
the excited activity is produced on the body with or without an 
electric field. 

The amount of excited activity produced on a body increases 
at first with the time, but reaches a maximum after an exposure 
of several days. An example of the results is given in the following 
table. In this experiment, a rod was made the cathode in a closed 
vessel containing thoria. It was removed at intervals for the short 
time necessary to test its activity and then replaced. 



Time in hoars 


Current 


1-58 


6-3 


3-25 


10-5 


5*83 


29 


9-83 


40 


14-00 


59 


23-41 


77 


29-83 


83 


47-00 


90 


72-50 


95 


96-00 


100 



These results are shown graphically in Curve By Fig. 49. It is 
seen that the decay and recovery curves may be represented 
approximately by the following equations. 

For the decay curve A, -jr = e~^*. 

For the recovery curve jB, =- = 1 — e"^*. 

The two curves are thus complementary to one another ; they 
are connected in the same way as the decay and recovery curves of 
Ur X, and are susceptible of a similar explanation. 

The amount of excited radio-activity reaches a maximum value 
when the rate of supply of fi:esh radio-active particles balances the 
rate of change of those already deposited. 

170. Excited radio-activity produced by a short ex- 
posure. The initial portion of the recovery curve B, Fig. 49, i« 
not accurately represented by the above equation. The activity 
for the first few hours increases more slowly than would be 
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f expected from the etjiiatioii. This result, however, is completely 
explained in the light of later results. The writer^ found that, for 
a sliort exposure of a body to the thorium emanation, the excited 
activity upon it after removal, instead of at once decaying at the 
nonnal rate, increased for several hours. In some cases the activity 
of the body increased three to four tioies its original value in the 
course of a few hours and then decayed with the time. 

Some of the results obtained are shown in the following tables. 
Table I. is for a platinum wire exposed as cathode for 15 minutes; 
Table II. for aluminium foil with 41 minutes' exposure to the 
emanation. About 5 minutes elapsed between removal and the 
first observation. 



Table I. 



Table II. 



21 minutes 1-6 



The initial current is, in each case, taken as unity. In Table H. 
the activity after increasing nearly to three times its original value 
decreases again at about the normal rate, falling to half value in 
about 11 hours. 

With a longer time of exposure to the emanation, the ratio of 
the increase after removal is much lesa nuirked. For a long 
interval of exposure, the activity after removal begins at once to 
diminish. In this case, the increase of activity of the matter 
deposited in the last few hours does not compensate for the 
decrease of activity of the active matter as a whole, and conse- 
quently the activity at once commences to decay. This increase of 
activity with time explains the initial irregularity in the recovery 
i Phyi. Ztit. e. No. 12, p. 25i, 1903. Phil. Mag. Jan. 100.1. 
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curve, for the active matter deposited dnring the first few hoois 
takes some time to reach its maximum activity, and the initial 
activity is, in consequence, smaller than would be expected from 
the equation. 

The increase of activity on a rod exposed for a short interval in 
the presence of the thorium emanation has been further investigated 
by Miss Brooks. The curve C in Fig. 50 shows the variation with 
time of the activity of a brass rod exposed for 10 minutes in the 
emanation vessel filled with dust-free air. The excited activity 
after removal increased in the course of 3*7 hours to five times its 
initial value, and afterwards decayed at the normal rate. 
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171. Effect of dust on the distribution of excited activity. 

Miss Brooks, working in the Cavendish Laboratory, observed that 
the excited activity due to the thorium emanation appeared in 
some cases on the anode in an electric field, and that the distribu- 
tion of excited activity varied in an apparently capricious manner. 
This effect was finally traced to the presence of dust in the air of 
the emanation vessel. For example, with an exposure of 5 minutes 
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the amount of escited activity to be observed on a rod depended 
on the time that the air had been allowed to remain undisturbed 
in the emanation vessel beforehand. The effect increased with the 
time of standing, and was a maximum after about 18 hours. The 
amount of escited activity obtained on the rod was then about 
20 times as great as the amount observed for air freshly introduced. 
The activity of this rod did not increase after removal, but with 
fresh air, the excited activity, for a 5 minutes' erposure, increased 
to five or six times its initial value. 

This anomalous behaviour was found to be due to the presence 
of dust particles in the air of the vessel, in which the bodies were 
made tadio-active. These particles of dust, when abut up in the 
presence of the emanation, become radio-active. When a nega- 
tively charged rod is introduced into the vessel, a part of the 
radio-active dust is concentrated on the rod and its activity is 
added to the normal activity produced on the wire. After the air 
in the vessel has been left undisturbed for an interval sufficiently 
long to allow each of the particles of dust to reach a state of radio- 
active equilibrium, on the application of an electric field, all the 
positively charged dust particles will at once be carried to the 
negative electrode. The activity of the electrode at once com- 
mences to decay, since the decay of the activity of the dust particles 
on the wire quite masks the initial rise of the normal activity 
produced on the wire. 

Part of the radio-active dust is also carried to the anode, and 
the proportion increases with the length of time during which the 
air has been undisturbed. The greatest amount obtained on the 
anode was about 607o of that on the cathode. 

These anomalous effects were found to disappear if the air was 
made dust-free by passing through a plug of glass wool, or by 
application for some time of a strong electric fiekl, 

172. Decay of excited activity ft-om radium. The excited 
activity produced on bodies by exposure to the radium emanation 
decays much more rapidly than the thorium escited activity. For 
short times of exposure' to the emanation the decay curve is very 
irregular. This is shown in Fig. 51. 

' Bulberford and Misa Btooks, Phil. Slag. Jaly, 1 
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It was found that the intensity of the radiation decrease< 
rapidly for the first 10 minutes after removal, but about 15 minute 
after removal reached a value which is maintained nearly constan 
for an interval of about 20 minutes. It then decays, following ai 
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exponential law to zero, the intensity falling to half value in about 
30 minutes. With longer times of exposure, the irregularities 
in the curve are not so marked. 

Later, P. Curie and Danne^ made a detailed investigation of the 
decay of excited activity for times of exposure to the emanatioD 
fi*om 10 seconds to 6 days. The results are shown graphicallj 
in Fig. 52, where the ordinates represent the logarithm of the 
intensity of the radiation, and the abscissae time in hours. Cur\ e 
A represents the decay for a long time of exposure. This decaj 

1 C. R. 186, p. 864, 1903. 
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curve is unaltered for all times of exposure to the emanation greater 
than 24 hours. 

After an interval of 2'5 hours, the logarithmic decay curve for 
long times of exposure is a straight line, i.e. the activity fells off 
in an exponential law with the time, felling to half value in 
28 minutes. P. Curie and Daniie found that for any time ( 
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after removal the intenaity /, was^ given by the difference of two 
exponentials, viz. 

/, ^ -. , 

/„ "^ 

where \, = j^ and X, = j^ with the second as the unit of time. 
The numerical constant a = 4-20. The explanation of this law of 
decay is given in section 177. 

The decay curve varies greatly with the time of exposure. For 
example, in an exposure of 5 minutes, the activity at first decreases 
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veiy rapidly, then passes through a minimum after 8 minutes, and 
increases to a maximum after 40 minutes, and after 2'5 hours 
decays in an exponential law to zero^. As in the case of the excited 
activity from thorium, the rate of decay of the excited activity 
from radium is for the most part independent of the nature of the 
body made active. Curie and Danne (loc, cU.) observed that the 
active bodies gave ofif an emanation itself capable of exciting 
activity in neighbouring bodies. This property rapidly disappeared 
and was inappreciable 2 hours after removal. In certain substances 
like celluloid and caoutchouc, the decay of activity is very much 
slower than for the metals. This efifect becomes more marked 
with increase of time of exposure to the emanation. A similar 
efifect is exhibited by lead, but to a less marked degree. During 
the time the activity lasts, these substances continue to give off 
an emanation. 

It is probable that these divergencies from the general law are 
not due to an actual change in the rate of decay of the true excited 
activity but to an occlusion of the emanation by these substances 
during the interval of exposure. After exposure the emanation 
gradually diflfuses out, and thus the activity due to this occluded 
emanation and the excited activity produced by it decays veiy 
slowly with the time, 

173. Excited radio-activity of very slov7 decay. M. and 

Mme Curie ^ have observed that bodies which have been exposed 
for a long interval in the presence of the radium emanation do not 
lose all their activity. The excited activity at first decays rapidly 
at the normal rate, falling to half value in about 30 minutes, but a 
residual activity always remains of the order of 1/20,000 of the 
initial activity. This residual activity either does not diminish 
at all, or so slowly that the decrease is not appreciable after 
an interval of six months. 

^ The writer has not observed the rise to a maximum found by Curie and 
Danne for the decay curves of the excited activity due to radium (see Fig. 52), but 
has always obtained curves of decay, for short exposures, similar to that shown in 
Fig. 51. This has been the case whether the excited activity has been produced oo 
a body by the action of an electric field or not. In the experiments, a slow current 
of air was always passed through the testing apparatus to remove any emanation 
from the body made active. 

* Thesis, Paris, 1903, p. 116. 



Gieeet' has also obaerved that a platinum wire which has been 
exposed in the presence of the radium emanation possesses residual 
activity, and he has shown that the radiation consists entirely of 
a rays. A further discussion of this regidual activity and its 
possible connectioa with polonium is givun later in section 188, 

174. Connection between decay curves for different 

times of exposure. The tlecay of excited activity, in cases 
where there is no occlusion of the emanation by the substance 
made active, is a function only of the time of exposure. The 
decay curves are all intimately connected with each other, and can 
be theoretically deduced provided the decay curve for a very short 
exposure is accurately known. 

It is supposed that the excited activity produced on a body is 
due to a deposit of radio-active particles. On an average a certain 
number of these particles will break up per second, g;iving rise 
to rays which ionize the gas. If a large number of particles is 
deposited, the rate of production of ions in the gas by the rays will 
be practically a continuous function of the time. The rate of pro- 
duction of ions, at any time, divided by the total number of radio- 
active particles deposited, will be called the average number of 
ions produced by each particle at that time. 

Suppose the radio-active particles which cause excited activity 
are deposited at a uniform rate of q per second. The number 
deposited in a short time dt — qdt. 

Let «„ = the average number of ions produced in the gas per 
second by each particle, at the instant of removal, 
n = the average number of ions per particle per second 
after an interval t. 

Suppose n = n,f{t) where /(() is a function of ( such that 
/(() = 1 whan ( = 0, 
/(() = when ( = x , 

f{f) may in some cases pass through a maximum value greater 
than unity. The variation of the rate of production of ions with 

■ Ber. deuttck. Chem. Get. p. 2368, 1SU3. Vliem. A'eics, Aug. 7, 1903, 
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time is supposed to include the effects of different kinds of 
radiation emitted during the succession of changes which may 
occur. 

The number of iona produced per second after a time t by the 
active particles deposited for the first short interval of exposure is 
given by qn^fit) dt 

The number Nt of ions produced per second at the time t by 
the radio-active matter deposited during the interval t is given by 

Nt^^anA f(t)dt 



= qno f fit) 

Jo 



A steady state is reached when the rate of supply of fi-esh ions 
per second by the addition of the radio-active material is balanced 
by the rate of diminution of the production of ions by the excited 
radiation as a whole. This steady state is reached after a long 
interval of exposure, and the maximum rate of production of ions 
No is given by 



No^qrio f{t)dt, 

Jo 



and 



If. 



f /«) dt 

Jo 



Cm 

Jo 



dt 



If the curve of decay of the excited activity for a very short 
exposure is plotted with the ionization current as ordinate and 
time as abscissa, as in Fig. 51, the values of these integrals are at 
once determined from the experimental curve by measuring the 
area included between the curve and the ordinates erected at the 
points corresponding to the time limits of the integrals. 

The curve of rise of excited activity can thus be deduced from 
the decay curve and vice versd. 

iVj, the rate of production of ions due to the excited radiation, 
after removal from the emanation for a time ^, is given by 



if t is the time of exposure. 



^i^qnoj f(t)dt, 
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If ^ is the munber of iona produced immediately after removal, 

X, /,'*'/(')* 

The decay curve for any time oi' exposure can thus alao be 
deduced from the curve of decay for a short exposure. For a very 
long interval of exposure the value JV, at a time t after removal is 
given by 






Now the curve of rise -jJ is given by 



Thus 




Thus the decay and rise curves are very simply connected, 

■rhatever the law of decay of the radiations. This relation may 

E expressed as follows : For n long eivposure, tlie percentage activity 

it after removal for a time t is eq-ual to the percentage of the final 

1/ gained by a body exposed daring the same interval. 

This result, which has already been shown to apply to the 

M.y and recovery curves of Ur X, Th X, and other radio-active 

ducts, is of general application to all cases of radio-active 

; when the rate of supply ia a constant. The conDection 

^tw^en the decay curves of radium and thorium excited activity, 

r different times of exposure, can also be shown to hold equally 

r all types of active products. 

The relation that holds between the decay and recovery curves 
n easily be deduced from d priori considerations. 
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Let us suppose, for example, that a body has been exposed for 
a long interval in a vessel containing a constant quantity of the 
radium emanation. The excited activity in the body will have 
reached a maximum value when the rate of supply is balanced by 
the rate of change. Suppose this body is removed and an exactly 
similar body immediately substituted. The sum of the excited 
activity on these two bodies will at any time be the same as on 
the single body before removal. If this were not the case, there 
would be a change in energy of the radiations fix>ni the radio- 
active system, as a whole, purely by removal of one body and 
substitution of another. This is contrary to the general experi- 
mental feet that the processes occurring in radio-activity are 
independent of control, and that the radiation from a system in 
radio-active equilibrium remains constant. 

Thus if It = intensity of radiation from the excited body at any 

time t affcer removal. 

It = intensity of radiation from the new body exposed 
under the same conditions for a time t. 

Then It + It = Iq where /© is the initial activity on the removed 
body. 

I' I , . 

Thus 1 — Y =~T > which is the same relation that has been 

developed from other considerations. 

These results are particular cases of what may be termed the 
"conservation of radio-activity," which is discussed in detail in 
section 196. 

175. Theory of successive changes. It has been pointed 
out that the excited activity produced in a body exposed for a verj' 
short interval in the presence of the thorium or radium emana- 
tions does not decay according to a simple exponential law. In 
the case of a body excited by the thorium emanation, the activity 
increases for a few hours, passes through a maximum where the 
activity is five to six times the initial value, and then slowly decap 
in an exponential law with the time, falling to half value after 
a further interval of 11 hours. Affcer the maximum is reached 



the activity decays at the normal rati; observed for bodies exposed 
for a long interval in the presence of the thorium emanation. 

The increase of activity with time cannot be ascribed to a 
possible occlusion of the radio-active matter in the porea of the 
substance and a gradual passage to the surface after removal ; 
for it haB been found that a very thin sheet of aluminium foil, 
which absorbs very little of the radiation, exhibits the same effect 
as a solid plate. The effect is. however, similar in some respects 
to the increase of activity with time observed in a closed vessel in 
which the radium emanation has been introduced. This is known 
to be due to the production from the emanation of radio-active 
matter, which is deposited on the walls of the vessel and adds its 
radiation to that of the emanation proper. In a similar way the 
activity of Th X increases for the first day after separation from 
the thorium, and this is ascribed (see section 190) to the produc- 
tion of excited activity in the mass of the Th X. 

The most probable explanation of the initial increase of activity 
with time, observed for the excited activity produced by the thorium 
emanation, is that there are two successive changes occurring in 
jthe emanation X of thorium afber the deposit of the active matter 
Ion the surfece of the body. 

The theory of these secondary changes will now be considered. 

J be the number of radio-active particles deposited on the 

)dy during the exposure to the emanatiou. The exposure is 

i to be so short that only a very small proportion of the 

tides have undergone change during the time of exposure. 

: particles are supposed to undergo change in an esponen- 

aw with the time, and the product of the first change to 

: up again according to the same law, but at a different rate. 

a be the constants of the first and second changes resjjec- 

Bvely. After removal for a time (, the number n of part^icles 

femaining unchanged is given by 



i number which change in the tinir dt at the time ( is given by 
Some of this number at once begin to go through the second 
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change, but the number which has undergone the first but not the 
second change at the time T after removal is given by 

The number q of particles which have undergone the first of 
the two changes at a time T after removal is thus given by 



rT 

^0 



e-^.re-Mr-Ode 



A'l — A^ 

Now the number of these particles breaking up in unit time is 
proportional to X^^, and is a measure of the radiation accompany- 
ing the change (section 124). 

If if is the ratio of the ionization produced in the second 
change to that produced in the first change, the saturation current 
It resulting fi-om the two successive changes is given by 

— ^ ^ 3= 6-^»^+ — (e ^^— e-^^^) 

1q A^TIq A»2 — A-j 

\ Xg — \j\2 X2 / 

where /© is the initial value of the saturation current. 

This equation will be applied later with satisfitctory results 
in section 190, to explain the rise of activity of Th X after its 
separation. 

176. On examination of the curve shown in Fig. 50, which 
shows the rise of activity of a rod exposed for ten minutes in the 
presence of the thorium emanation, it is seen that the curve C, 
showing a rise to a maximum, is roughly similar to the curves of 
recovery of uranium and thorium when the Ur X and Th X 
respectively have been removed. If the curve is produced back- 
wards, it is seen to pass very nearly through the origin. The 
abscissae measure the time from the moment the rod was intro- 
duced into the emanation vessel. 

If the increase of activity with time is due to a secondaiy 
change of the type already considered, it follows at once that the 



total number of ions produced during the first change is not much 
more than one per cent, of that produced in the second change. 
If, fur example, the initial activity be taken as due to the radia- 
tion from the first change, the ivctivity due to the first change 
alo7ie should fall ofi' in an esponential law with the time, 
following the dotted cur\'e B shown in Fig. 50. The area 
EABE serves as a comparative measure of the total number 
of ions produced by the first change, and this area is seen to 
be small compared to the corresponding area included by the 
main curve 0. 

There is, however, no reason to suppose that the first change is 
accompanied by any ionizing radiation at all. The initial activity 
observed is due to the &ct that some of the deposited matter has 
undergone change before the rod is tested ; for it will be shown 
that the experimental curve obtained can be completely deduced 
if the first change is supposed to take place vnthout any emission 
of iiynizing rays, but that ionizing rays are emitted in the second 
change. 

It has been shown that after removal of the body for a time T 
the number of particles q which have undei^one the first change 
but not the second change is given by 

Hwhere Xj is the constant of decay in the first change and X^for the 
Second change. 

H Since it is supposed that only the second change gives rise to 
K radiation, the activity at any time T after removal is propor- 
^kional to q. The value of q passes through a maximum when 

L.vhen ^ = e-(*,-AJT 

H Now it is known, ft^m experiments for a long interval of ex- 
^bosure, that in the second change the activity falls to half value 
Hl 11 hours, i.e. X5 = -063, when the time is expressed in hours, 
^nnce the maximum activity is reached when J* =220 minutes 
I. approximately, the value of X, = '75. Substituting the values of 
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Xi, X, in the equation for q, the theoretical value of the activity for 
any time T after exposure is shown in the foUowing table. The 
observed experimental values are also shown. The iniiYiTnnfn 
activity is taken as unity. 



. Time in 


Theoretieal Yalne 


Obsenred value 


minutes 


of activity 


of activity 


15 


•22 


•23 


30 


•38 


•37 


! 60 


•64 


•63 


120 


•90 


•91 


220 


1-00 


1-00 


> 305 

1 


•97 


•96 



The curve drawn from zero is thus almost in exact agreement 
with the equation, taking X^ = "75. 

It may thus be concluded that the matter emanation X under- 
goes at least two changes : — 

(1) A change which is not accompanied by ionizing radia- 
tions, but in which the amount of matter undergoes change 
according to an exponential law with the time, falling to half 
value in 55 minutes. 

(2) A second change, accompanied by the emission of rays, in 
which half the matter undergoes change in 11 hours. 

The existence of such a well-marked change in the matter 
emanation X of thorium, not accompanied by the emission of 
ionizing rays, is very interesting. It will be shown later that 
there is strong evidence of a change of a similar character in the 
emanation X of radium. It may be supposed that the change 
consists in a rearrangement of the components of the atom 
which is not of such a violent character as to cause a portion d 
the atom to be expelled. Since there is only one changing system 
involved, it is to be expected that the law of change would be the 
same as for a monomolecular change in chemistry. 

177. Secondary changes in emanation X of radinm. 

The decay curves of the activity produced on a rod by a short 
exposure to the radium emanation are of a very different character 



those observed from thorium. In the first place, there is 
I rapid decay of the activity to less than 1/8 of the initial value, 
then a very slow variation for about 20 minutes, and then a gradual 
decay according to an exponential law. It is not possible to explain 
this variation of the activity on the assumption of two changes. It 
is necessary to suppose that there are three, the second of which is 
a change not accompanied by ionizing rays. 

Some evidence will first be considered of the decay of activity 
of a body exposed for several days in the presence of the radium 
emanation. P. Curie and Danne (loc. cit.) state that the law of 
decay of the activity of such a body is expressed accurately by 
the equation 



where 



- sVm' ^2 — 



-(a -De 



and (1 = 4 



Ciirie and Danne do not state definitely whether the law of 
decay holds for the first ten minutes after removal. The shape of 
the decay curve for short exposure suggests from theoretical con- 
siderations that there should be in addition a small but rapid 
initial drop of activity during the first ten minutes after removal. 
Such a rapid initial drop of activity has been experimentally 
observed by the writer. 

It seems pi-obable that the equation of P. Curie and Danne 
applies for the decay of excited activity starting from a time about 
ten minutes after removal. During that short interval the un- 
changed deposited matter rapidly passes through the first change, 
for half the matter is changed in about three minutes. At the 
time at which the measurements of Curie and Danne began, 
probably nearly all of the deposited matter had gone through the 
first change. 

Since the decay of activity after that time can be expressed by 
two exponentials, it is probable that there are two further changes 
occuning. The view that the first of these changes is a change 
unaccompanied by ionizing rays, followed by another change with 
the emission of rays, will be found to be in very close agreement 
with the results of P. Curie and Danne. It has been shown 
that, after a short exposure for a time dt to the emanation, during 

R. lt.-A. \ 
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which n, particles were deposited on the body, the number q of 
particles which have passed through the first change but not the 
second is at any time T given by 

(»See section 174.) 

But, since only the second change is accompanied by rays, the 
intensity of the radiation is always proportional to q the number 
unchanged, i.e. to nof{t). 

It has been shown in section 174 that, for a very long exposure, 
the activity It, after removal for a time t, is given by 



/. iT"*-^^*^ 



dt 



^' r«./(o 

^0 



dt 



where /© is the initial intensity after removal. Substituting the 
value of f(t) and integrating 



^ e-^t ?^e-H 



This is of the same form as the equation of the decay curve 
found by Curie and Danne. Substituting the values \i = 1/2420, 

Xj = 1/1860, which were found by them, the value of — is 43 

Xi — Xj 

and of - -^ is 3-3. 

A«i ~~ Ag 

The experimental value found by Curie and Danne for these 
constants was 4*2 and 3*2 respectively. The agreement between 
the theory and the experiment is as close as could be expected. 

There are thus three distinct changes in the emanation X of 
radium, viz. 

(1) A very rapid initial change. Half of the matter changes 
in about three minutes and is accompanied by ionizing rays. 

(2) A slower change, which is not accompanied by ionizing 
iuy8. Half of the matter undergoes change in 36 minutes. 





(3) 


A third change 


which 


18 




mpanied bv ionizi 


ng my 


about 


28 minutes. 





I fester than the second, and 

Half thu lUiitter changes in 



178. Physical and chemical properties of the active 

matter. On account of the slow decay of the activity of eumna- 
tion X of thorium, its physical and chemical properties have been 
more clot^ly examined than the emanation X of radium. It has 
ah'eady been mentioned that the emanation X ol' thorium is 
solubk' in Some acids. The writer' foimd that the active matter 
was dissolved off the wire by strong or dilute solutions of sul- 
phuric, hydrochloric and hydrofluoric acids, but was only slightly 
soluble in water or nitric acid. The active matter was left behind 
when the solvent was evaporated. The rate of decay of activity 
was unaltered by dissolving the active matter in sulphuric acid, 
and allowing it to decay in the solution. In the experiment, the 
active matter was dissolved off an active platinum wire and then 
equal portions of the solutions were taken at definite intervals, 
evaporated down in a platinum dish, and the activity of the. residue 
tested by the electric method. The rate of decay was found to be 
exactly the same as if the active matter had been left on the wire. 
In another experiment, an active platinum wire was made the 
cathode in a copper sulphate solution, and a thin film of copper 
deposited on it. The rate of decay of the activity was unchanged 
by the process. 

A detailed examination of the physical and chemical properties 
of the emianation S of thorium has been recently made by F. von 
Lerch», and some important and interesting results have been 
obtained. A solution of emanation X was prepared by dissolving 
the metal which had been exposed for some time in the presence 
of the thorium emanation. In most cases the active matter was 
precipitated with the metal. For example, an active copper wire 
was dissolved in nitric acid and then precipitated by caustic potash. 
The precipitate was strongly active. An active magnesium wire, 
dissolved in hyilrochloric acid and then iprecipitated as phosphate, 
also gave an active precipitate. The activity of the precipitates 
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igly active and its activity decayed at & normal rate. \<>n 

fh found that the amount of activity obtained by placing 

l^ent metals in active solutiona for equal times varied greatly 

the metal. For example, he found that if a zinc plate and 

aalgamated zinc plate, which show equal potential differences 

f regard to hydrochloric acid, were dipped for equal times in 

lutions of equal activity, the zinc plate was seven times as 

afi the other. The activity was almost removed from the 

m in a few minutes by dipping a zinc plate into it. Some 

i became active when dipped into an active solution while 

did not. Platinum, palladium, and silver remained inactive, 

B copper, tin, lead, nickel, iron, zinc, cadmium, magnesium, 

^duminium became active. These results strongly confirm the 

that excited activity is due to a deposit of active matter 

jh has distinctive chemical behaviour. 

3. E. Pegram^ has made a detailed study of the active deposits 
ined by electrolysis of pure and commercial thorium salts. 
commercial thorium nitrate obtained from P. de Haen gave, 
1 electrolysed, a deposit of lead peroxide on the anode. This 
ait was radio-active, and its activity decayed at the normal 
of the excited activity due to thorium. From solutions of 
i thorium nitrate, no visible deposit was obtained on the anode, 
was, however, found to be radio-active. The activity 
lyed rapidly, tailing to half value in about one houi'. Some 
sriments were also made on the effect of adding metallic salts 
lorium solutions and then electrolysing them. Anode and 
lode deposits of the oxides or metals obtained in this way were 
id to be radio-active, but the activity fell to half value in a few 
,utes. The gases produced by electrolysis were radio-active, 
this was due to the presence of the thorium emanation. The 
Its of Pegram and von Lerch would seem to indicate that, 
des those already known, other radio-active products with 
iliatinctive rate of decay are produced during the changes 
arring in thorium. 



1180. 



Effect of temperature. The activity of a platinum 
which has been exposed iu the presence of the thoriuTii 



). 424, Dec. 11H)3. 
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emanation is almost completely lost by heating the wire to a white 
heat. Miss F. Gates^ found that the activity was not destroyed 
by the intense heat, but manifested itself on neighbouring bodies. 
When the active wire was heated electrically in a closed cylinder, 
the activity was transferred from the wire to the interior surface 
of the cylinder in unaltered amount. The rate of decay of the 
activity was not altered by the process. By blowing a current of 
air through the cylinder during the heating, a part of the active 
matter was removed from the cylinder. Similar results were found 
for the excited activity due to radium. 

F. von Lerch {loc. cit) determined the amount of activity 
removed at diflferent temperatures. The results are shown in the 
following table for a platinum wire excited by the thorium ema- 
nation. 





Temperatnre 


Percentage of 
activity removed 


Heated 2 minutes 

then „ i minute more 

» » 2 )> >» 


800' C. 
1020° C. 
1260** C. 
1460° C. 



16 
52 
99 

1 



It is not possible to settle definitely from these experiments 
whether the active matter is actually volatilized at a high tempe- 
rature or is removed by disintegration of the surface of the wire. 
All the metals so far tried apparently lose their activity at about 
the same temperature. 

181. Emission of heat. It has been shown in sections 105, 
106, and 163, that the radium emanation, together with the 
secondary products which arise from it, is responsible for about 
75 per cent, of the total heat emission observed for radium. 
The gradual decay to a minimum of the heat emission of the 
radium for the first few hours after the emanation is removed 
is due to the gradual decay of the excited activity produced by 
the occluded emanation in the radium itself In a similar way, the 
gradual increase of the heating effect of the separated emanation 

1 Phys. Review, p. 300, 1908. 
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for the firet few hours after removal, is due to the excited activity 
produced by the emanation on the walls of the containing vasael. 

Some experiments were recently made by H. T. Barnes and 
the writer' on the division of the heating effect of radium between 
the successive products of radium. For measurement of the 
heating effects, a pair of differential platinum thermometers, 
wound spirally in the inside of a glass tube, were used. The 
radium or its emanation, enclosed in a fine glass tube, was 
placed inside the platinum spiral and the rise of temperature 
observed. 

The heating effect of 30 milligrams of radium bromide was 
lirat determined. The emanation was then removed from it by 
heating, and condensed in a small glass tube. The heating effect 
of the de-emanated radium was determined ten minutes after the 
removal of the emanation, and wa^ found to have diminished to 
59 per cent, of its original value. It then diminished more slowly 
with time to a minimum corresponding to 25 per cent, of its 
original value (see section 106). 

The curve of diminution with time of the heating effect of 
radium to the minim um of 25 per cent, should be identical with 
the corresponding curve of diminution with time of the heating 
effect of the emanation tube to zero after removal of the emanation. 
This was found to be the case. The emanation was allowed to 
remain for several hours in a small glass tube in order that the 
excited activity should reach a maximum value. The emanation 
was then rapidly withdrawn from the tube, and the heating effect 
of the tube determined at regular intervals. There was a similar 
initial drop within the first 10 minutes, then a slower variation, 
and finally a decrease to zero according to an exponential law with 
the time, falling to half value in about 30 minutes. 

The curve of increase of the heating effect of the emanation 
tube to a maximum after the introduction of the emanation was 
found to be complementary to the curve of decrease of the heating 
effect to zero after withdrawal of the emanation. It was not found 
possible to separate the heating effect of the emanation itself 
fti3m the first rapid change in emanation X, since temperature 
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conditions did not become steady nntil an interval of 10 minates 
after introducing or withdrawing the emanation, and in that time, 
the first change in emanation X was nearly completed. 

The division of the heating effect amongst the radio-active 
products of radium is given in the foUowing table. The activity 
of each product measured by the a rays is also given for com- 
paris^m: 



Active prodncts 



Nature of 
rays 



Percentage ^ 
proportion of ; .. 

total activity " P~P?f^S 

the raya ^ 



effect 



Radium 
(freed from active products) 

Emanation 
t 
Emanation X (first change) 

t 

(second change) 



»> 



i 



I 



» 



(third change) 



a rays 

a rays 

a rays 

No a rays 

a, ft and y rays 



25 

18 
15 



25 



33 



\ 



42 j 



■ 42 



41 



34 



The heating effect of the active products is approximately 
proportional to their activity measured by the a rays. There can 
be very little doubt that the emanation supplies an amount of the 
heating effect proportional to its activity. 

The decay curve of the activity of radium to a minimum of 
25 per cent, after removal of the emanation is approximately the 
same as the corresponding decay curve of the activity of radium 
measured by the a rays. 

There is no doubt that the heating effect of radium is a result 
of the succession of radio-active changes occurring in it. The 
heating effect accompanies the expulsion of a particles, and is 
approximately proportional to the number expelled. The time- 
variation of the heating effect of the radio-active products t 
the same as the time-variation of their activity measured by 
the a rays. 

182. Effect of variation of E. M. F. on amount of 
excited activity A:om thorium. It has been shown that the 
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excited activity is confined to the cathode in a strong electric field. 
In weaker fields the activity is divided between the cathode and 
the walls of the vessel. This was tested in an apparatus' shown in 
-Fig. 53. 

r Battery 



Fig. »a. 

.d is a cylindrical vessel of 5'5 cms. diameter, B the negative 
electrode passing through insulatLng ends C, D. For a potential 
difference of 50 volts, most of the excited activity was deposited 
on the electrode B. For about 3 volts, half of the total escited 
activity waa produced on the rod B, and half on the walls of the 
vessel. Whatever the voltage applied, the sum of the activities 
on the central rod and the walls of the cylinder was found to 
be a constant when a steady state was reached. 

When no voltage was applied, diffusion alone was operative, 
and in that case about 13 per cent, of the total activity was on the 
rod B. The application of an electric field has thus no influence 
on the sum total of excited activity, but merely controls the pro- 
portion concentrated on the negative electrode. 

A more detailed examination of the variation with strength of 

field of the amount on the negative electrode was made in a similar 

manner by F. Henning^. He foimd that in a strong electric field 

the amount of excited activity was practically independent of the 

diameter of the rod B, although the diameter varied between 

■59 mm. and 6'0 mms. With a small voltage, the amount on the 

negative electrode varied with its diameter. The curves showing 

the relation between the amount of excited activity and voltage 

■ are very similar in character to thnse obtained for the variation of 

H the current through an ionized gas with the voltage applied. 

H The amount of excited activity reaches a maximum when all 

^Hhe emanation X is removed from the gas as rapidly as it is 

^B I Hutherrorii, Vkil. Mni/. Feb, ItHXI. 

^H " Dmde-t Annal. p. 562. 11)02. 
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formeA With weaker fields, a portion diffuses to the sides of the 
vessel, and produces excited activity on the positive electrode. 

183. Effect of pressure on distribution of excited 
activity. In a strong electric field, the amount of excited activity 
produced on the cathode is independent of the pressure down to a 
pressure of about 10 mms. of mercury. In some experiments made 
by the writer^ the emanating thorium compound was placed 
inside a closed cylinder about 4 cms. in diameter, through which 
passed an insulated central rod. The central rod was connected to 
the negative pole of a battery of 50 volts. When the pressure was 
reduced below 10 mms. of mercury, the amount of excited activity 
produced on the negative electrode diminished, and was a ven^ 
small fraction of its original value at a pressure of -^ mm. Some 
excited activity was in this case found to be distributed over the 
interior surface of the cylinder. It may thus be concluded that at 
low pressures the excited activity appears on both anode and 
cathode, even in a strong electric field. 

Curie and Debieme^ observed that, if a vessel containing an 
emanating radium compound was kept pumped down to a low 
pressure, the amount of excited activity produced on the vessel 
was much reduced. In this case the emanation given off* by the 
radium was removed by the pump with the other gases con- 
tinuously evolved from the radium compound. On account of the 
very. slow decay of activity of the emanation, the amount of excited 
activity produced on the walls of the vessel, in the passage of the 
emanation through it, was only a minute fraction of the amount 
produced when all the emanation given off was not allowed to 
escape. 

184. Transmission of excited activity. The characteristic 
property of excited radio-activity is that it can be confined to the 
cathode in a strong electric field. Since the activity is due to a 
deposit of radio-active matter on the electrified surface, the matter 
must be transported by positively charged carriers. The experi- 
ments of Fehrle'' showed that the carriers of excited activity travel 

1 PhiL Mag, Feb. 1900. « C. R, 132, p. 768, 1901. 

5* Phys, Zeit. 3, No. 7, p. 130, 1902. 



along the lines of force in an electric field. For example, if a small 
negatively charged metal plate was placed in the centre of a metal 
vessel containing an emanating thorium compound, more excited 
activity was produced on the aides and comera of the plate than at 
the central part. 

A difficulty however arises in connection with the positive 
charge of the carrier. According to the view developed in sec- 
tion 127 and later in section 200, the matter emanation X, which 
ia deposited on bodies and gives rise to excited activity, is itself 
derived from the emanation. The emanations of thorium and 
radium emit only a rays, i.e. positively charged particles. After 
the expulsion of an a particle, the residue, which is supposed to 
constitute the emanation X, should retain a negative charge, and 
be carried to the anode in an electric field. The exact opposite is 
however observed to be the case. The experimental evidence does 
not support the view that the positively charged a particles, 
expelled from the emanation, are directly responsible for the 
phenomena of excited activity; tor no excited activity is produced 
in a body exposed to the a rays of the emanation, provided the 
emanation itself does not come in contact with it. It may be 
supposed that in gases the matter emanation X, immediately after 
its production, attaches itself to the positive ions, produced in 
the gas by the radiation, on the same sort of principle that water 
vapour condenses round the negative ion. The active matter ia 
then transported by these positive carriers to the cathode. In the 
case of radium, there is evidence that some of the carriers of 
excited activity do not acquire a positive charge until they have 
been present in the gas for some time. 

Whatever view is taken of the process by which these carriers 
obtain a positive charge, there can be little doubt that the expul- 
sion of an Of particle with great velocity from the atom of the 
emanation must set the residue in motion. On account of the 
comparatively large mass of this residue, which constitutes the 
emanation X, the velocity acciuiriKi will be small compared with 
that of the expelled a particle, and the moving mass will be 
rapidly brought to rest at atmospheric pressure by collision with 
the gas molecules in its path. At low pressures, however, the 
collisions will be so few that it ivill not be brought to rest until it 
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strikes the boundaries of the vessel A strong electric field would 
have very little eflfect in controlling the motion of such a heavy 
mass, unless it has been initially brought to rest by collision with 
the gas molecules. This would explain why the active matter is 
not deposited on the cathode at low pressures in an electric field. 
Some direct evidence of a process of this character, obtained by 
Debieme on examination of the excited activity produced by 
actinium, is discussed in section 186. 

186. The following method has been employed by the writer to 
determine the velocity of the positive carriers of excited activity of 
radium and thorium in an electric field. Suppose A and B (Fig. 54) 



B 



Emaiiation 
A 




Fig. 54. 

are two parallel plates exposed to the influence of the emanation, 
which is uniformly distributed between them. If an alternating 
E.M.F. Eq is applied between the plates, the same amount of 
excited activity is produced on each electrode. If in series with 
the source of the alternating e.m.f. a battery is placed of E.M.F. 
El less than E^^ the positive carrier moves in a stronger electric 
field in one half alternation than in the other. A carrier con- 
sequently moves over unequal distances during the two half 
alternations, since the velocity of the carrier is proportional to the 
strength of the electric field in which it moves. The excited 
activity will in consequence be unequally distributed over the two 
electrodes. If the frequency of alternation is sufficiently great, 
only the positive carriers within a certain small distance of one 
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plate can be conveyed to it, and the rest, in the course of several 
succeeding alternations, are carried to the other plate. 

When the plate B is negatively charged, the E.M.F. between 
the plates is Eo—Ei, when B is positive the E.M.F. is Eq^ E^, 

Let d = distance between the plates, 

T = time of a half alternation, 

p = ratio of the excited radio-activity on the plate B to the 
sum of the radio-activities on the plates A and B, 

K = velocity of the positive carriers for a potential-gradient 
of 1 volt per centimetre. 

On the assumption that the electric field between the plates is 
uniform, and that the velocity of the carrier is proportional to the 
electric field, the velocity of the positive carrier towards B is 

Eq — Ei pp 

and in the course of the next half alternation 

Eo + Ei pp 

towards the plate A. 

If a?i is less than d, the greatest distances oci, x^ passed over by 
the positive carrier during two succeeding half alternations is thus 
given by 

^^^lo_^KT, and x,^?!^^ KT. 
a a 

Suppose that the positive carriers are produced at a uniform 
rate of q per second for unit distance between the plates. The 
number of positive carriers which reach B during a half alter- 
nation consists of two parts: 

(1) One half of those carriers which are produced within the 
distance x^ of the plate B. This number is equal to 

h^qT. 

(2) All the carriers which are left within the distance x^ from 
B at the end of the previous half alternation. The number of 
these can readily be shown to be 
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The remainder of the carriers, produced between A and B 
during a complete alternation, will reach the other plate A in the 
course of succeeding alternations, provided no appreciable recombi- 
nation takes place. This must obviously be the case, since the 
positive carriers travel further in a half alternation towards A than 
they return towards B during the next half alternation. The 
carriers thus move backwards and forwards in the changing electric 
field, but on the whole move towards the plate A. 

The total number of positive carriers produced between the 
plates during a complete alternation is 2dqT. The ratio p of the 
number which reach B to the total number produced is thus 
given by 



a?. 



p 2357 



1l Xi Xi -}- iv^ 
4s d X, 



a 



Substituting the values of x^ and x^ we obtain 

2(^0 H-^0 d« 

In the experiments the values of Eq, Ei, d, and T were varied, 
and the results obtained were in general agreement with the above 
equation. 

The following results were obtained for thorium : 





Plates 1*30 cms. apart. 




1 

Eo + E^ 


Eq — El 


Alternations 
per second 


P 


K 


1 

152 
225 
300 


101 
150 
200 


57 
57 
57 


•27 
•38 

•44 


1-25 
1^17 
1-24 



Plates 2 cms. apart 



Eo + Ei 


Eo-E, 


Alternations 
per second 


P 


K 


273 
300 


207 
200 


44 
53 


•37 
•286 


1-47 
1-46 
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The average mobility K deduced from a large mimber oi 
lexperimeuts was 13 ems. per sec. per volt per cm. for atmospheric 
' pressure and temperature. This velocity ia about the same as 
the velocity of the positive ion produced by Rontgen rays in aii-, 
viz. l'37cms. per sec. The i-esults obtained with the radium 
emanation were more uncertain than those for thorium on accoimt 
of the distribution of some excited activity on the pttsitive elec- 
trode. The values of the velocities of the carriers were however 
found to be roughly the same tor radium as for thorium. 

These results show that the carriers of the emanation X travel 
in the gas with about the same velocity as the positive or negative 
ions produced by the radiations in the gas. This shows either that 
the emanation X becomes attached to positive iona, or that the 
emanation X itself, acquiring in some way a positive charge, forms 
a cluster of neutral molecules which travel with it. 

186. Excited activity from actinium and "emanation 
substance." Gieael' observed that the "emanating substance" 
gave off a large quantity of enianatitin, and that this emanation 
gave rise to a type of radiation which he termed the E rays. 
A narrow metal cylinder containing the active substance was 
placed with the open end downwards, about 5 cms. above the 
aurface of a zinc sulphide screen. The screen was charged nega- 
tively to a high potential by an electric machine, and the cylinder 
connected with earth. A luminous spot of light was observed on 
the screen, which was brighter at the edge than at the centre. A 
conductor, coanected with earth, brought near the luminous spot 
apparently repelled it. An insulator did not show such a marked 
effect. On removal of the active substance, the luminosity of the 
screen persisted for some time. This was probably due to the 
excited activity produced on the screen. 

The results obtained by Giesel support the view that the 
carriers of excited activity of the " emanation substance " have a 
positive charge, In a strong electric field the carriers travel along 
the lines of force to the cathode, and there cause excited activity 
on the screen. The movement of the luminous zone on the ap- 
proach of a conductor is due to the disturbance of the electric field. 
' BtT. deuticb. Chem. Gaeli. 86, p. S42, 1903. 
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Debieme* found that actinium also gave oflF a large amount of 
emanation, the activity of which decayed very rapidly with the 
time. At some distance from the source, the activity of the emana- 
tion fell to half value in one-and-a-half minutes. This is not very 
diflferent from the rate of decay of the activity of the thorium 
emanation, which falls to half value in about one minute. 

This emanation produces excited activity on surrounding objects, 
and at diminished pressure the emanation produces a uniform 
distribution of excited activity in the enclosure containing the 
emanation. No data have yet been published of the rate of decay 
of the excited activity produced by the emanation of actinium. 

Debieme observed that the distribution of excited activity was 
altered by a strong magnetic field. The experi- 
mental arrangement is shown in Fig. 55. The 
active matter was placed at M, and two plates 
A and B were placed symmetrically with regard 
to the source. On the application of a strong 
magnetic field normal to the plane of the paper, 
the excited activity was unequally distributed 
between the plates A and B. The results showed 
that the carriers of excited activity were deviated 
by a magnetic field in the opposite sense to the 
cathode rays, Le. the carriers were positively 
charged. In some cases, however, the opposite *^* * 

effect was obtained. Debieme considers that the excited activity 
of actinium is due to " ions activants," the motion of which is 
altered by a magnetic field. Other experiments showed that the 
magnetic field acted on the "ions activants" and not on the 
emanation. 

The results of Debieme thus lead to the conclusion that the 
carriers of excited activity are derived from the emanation and are 
projected with considerable velocity. This result supports the 
view advanced in section 184 that the expulsion of a particles 
from the emanation must set the part of the system left behind in 
rapid motion. A close examination of the mode of transference of 
the excited activity by actinium and the emanation substance is 

1 C, R. 136, pp. 446 and 671, 1903. 




likely to throw ftirther light on the processes which give rise tn 
ihe deposit of active matter on eleetrixles. 



187. Radio-active induction. In caji-ying out experiments 

the separation of radium from pitchblende, M. and Mme Curie^ 
fbserved that the separation of the active substance is fairly com- 
ete, if the stagti of purification ia not far advanced. Copper, 
.timony, and arsenic can be separated practically inactive, but 
ther bodies, like lead and iron, always show slight activity. When 
le stage of purification is more advanced, every body separated 
am the active solution exhibits activity. 

Debieme' showed that banuni was made active by solution 
ith actinium. The active bariuin removed from the actinium 
preserved its activity after chemical treatment. In this way 
lebieme obtained barium chloride 6000 times as active as uranium. 
ithough the activity of the barium chloride could be concentrated 
1 the same way as the activity of radiferous barium chloride, it 
id not show any of the spectroscopic lines of radium. The activity 
owever of the barium was not permanent, but decayed to about 

!-third of its value in three months. 

Giesel showed in 1900 that bismuth could be made active by 
ig it in a radium solution, and suggested that polonium was 
reality bismuth made active by its mixture with the radium in 
itchbiende. Mme Curie also found that biamuth was made active 
f solution with a radium compound, and succeeded in fractionat- 
\g the above bismuth in the same way eis polonium. In this way 
ismuth was obtained 2000 times as active as uranium, but the 
;tivity decreased with time. These experiments are rendered 
Jiy uncertain by the difficulty of completely separating the radium 
om the bismuth. 

Giesel* in 1903 showed that a bismuth plate dipped in a radium 
ilution remained active after every care had been taken to remove 
I traces of radium. This active bismuth gave out only a rays, 
id in this respect was analogous to polonium or Marckwald's 

io-active tellurium. The absence of the a rays in the bismuth 
idicates that no radium adhered to the bismuth. The activity of 

- C. U. 131. p. 137, 1900. 
i. p. 2368, 1903. 
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the bismuth did not decay over the period of examination, but 
observations were not made over sufficient lengths of time to make 
certain of this. There are two points of view that have been taken 
in regard to radio-active induction. Some have supposed that the 
inactive molecules of the substance themselves temporarily acquire 
the property of radio-activity, after admixture with a very active 
substance like radium or actinium. On this view the radio-active 
bismuth is in reality bismuth, some of the matter of which has 
temporarily acquired radio-active property. 

On the other point of view, production of activity in inactive 
bodies is either due to a slight admixture of the active element, 
or to a removal with the substance of a radio-active product 
of the element. In the former case, the activity of the body is 
permanent ; in the latter, it decays vrith the time, according to the 
same law as the decay of activity of the separated product. For 
example, if barium is precipitated in an uranium solution, the 
barium is active, and its activity decays at the same rate as the 
separated Ur X. In feict, the barium precipitate carried down with 
it the matter Ur X. 

So far, however, no case has yet been observed when any body 
has acquired the property of radio-activity by exposure to the 
radiations alone of the radio-elements. The evidence at present 
supports the view that the activity produced in inactive bodies is 
due to a separation with it of an active product. The experiments 
of F. von Lerch, described in sections 178, 179, show that many 
metals are able to become active when placed in a solution of 
the emanation X of thorium. This activity is due to a deposit 
of the emanation X on the metal. The activity is removable by 
precipitation and also in some cases by electrolysis. In the case of 
solutions obtained from pitchblende, it is thus not surprising that 
a similar action occurs, and that many substances possess some 
temporary activity at the time of their separation. One or more 
of the numerous active products in pitchblende is precipitated 
with the substance, and the activity then decays with the time. 

188. Possible origin of polonium. Mme Curie has not 
yet been able to purify polonium sufficiently to obtain any spectnv 
scopic evidence of a new element. Giesel has consistently taken 
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■the view, that polonium is in realit_y " induced" bismuth. At tht; 
aarae time, it has not yet been definitely settled whether Marck- 
wald's radio-active tellurium contains the same active constituent 
as polonium or not. Taking the view that every case of induction 
is due to a removal with the inactive element of an active product 
of the radio-elements, some evidence will now be considered which 
points to the probability that polonium is a disintegration product 
of the element radium. 

It has been pointed out that Mme Curie was able to fractionate 
bismuth, made active in a radium solution, in the same way as 
polonium, t.e. that the active matter in the bismuth had chemical 
properties similar to polonium, Giesel, in addition, showed that a 
platinum or bismuth plate placed in a radium solution acquired 
strong activity, and, like polonium, gave rise to a rays only. If 
the active bismuth or platinum decays at the same rate as 
polonium, it would be very strong evidence that polonium was a 
product of radiimi. Further experiments are, however, required 
on this point. 

It has been mentioned that bodies exposed for a long interval 
in the presence of the radium emanation, always retain about 
1/20,000 of their original activity. Gieael found that the residual 
activity of a platinum wire exposed in the presence of the radium 
emanation, gave out only a rays, and in that resptct resembled 
poloniiun. 

The writer has recently found that active matter can be dis- 
solved by sulphuric acid from the inside of a glass tube, which 
has at one time contained the radium emanation. On evapora- 
ting the acid, an active deposit was left behind which gave out 
a and rays. The activity of this deposit, as far as observations 
have yet gone, has not decayed with the time. This active sub- 
stance gives* out a far greater proportion of ff rays than either 
radium or thorium. The a rays showed about the same amount of 
absorption in aluminium foil as the a rays from polonium, and 
also the characteristic property exhibited by the 
I polonium rays (section 90) of rapidly increasing absorption with 
ItthicknesB of matter traversed. It is thus possible that this 
tive matter may contain polonium with another product giving 
I, which B 
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out by the active residue, accompany another very slow change 
occurring in the matter emanation X, the time taken for the 
activity of this product to decay to half value can be deduced 
from general considerations. It will be shown later, in section 
195, that each of the successive changes in radium or thorium, 
which is accompanied by a rays, gives rise to about the same 
total amount of ionization. This is merely an expression of the 
fact that the same number of systems must undergo change in 
each successive product, and that each system probably expels 
the same number of a particles with about the same velocity. 
Now it was found experimentally that the ionization current due 
to the active residue was about 1/20,000 of the initial ionization 
due to the emanation, which in its fiirther changes had given 
rise to the slowly decaying active matter. Since the ionization 
current due to the emanation was 20,000 times that due to the 
active matter, its rate of change was 20,000 times faster. But the 
activity of the emanation decays to half value in four days, so that 
the activity of this other active matter would decay to half value 
in about 80,000 days or about 200 years. 

The existence of such a slow change in the emanation X of 
radium probably accounts in part for the radio-activity which is 
produced on the walls of the laboratory in which radium prepara- 
tions have been kept in open vessels. The emanation diflTuses into 
the air and produces emanation X, which is deposited on the walls 
of the room, and there gives rise to a deposit of very slowly decay- 
ing matter. This activity persists in a room even though no 
radio-active matter has been kept in it for some time. 



CHAPTER X. 

RADIO-ACTIVE PROCESSES. 

189. Radio-activity of uranium. It has already been 
shown in section 118 that a radio-active constituent Ur X can 
be separated from lu-aniiuii by several different processes. The 
activity of the sepai-ated Ur X decays with the time, falling to half 
vaUie in about 22 days. At the same time the uraaium, from 
which the Ur X has been separated, gradually regains its lost 
activity. The law of decay of Ur X and the recovery of the lost 
activity of the uranium are expressed by the equations 



where X is the radio-active constant of Ur X. The constant radio- 
activity of uranium thus represents a state of equilibrium, where 
the rate of production of new active matter is balanced by the rate 
of change of the Ur X already produced. 

The radio-active processes occurring in uranium present several 
points of difference from the processes occurring in thorium and 
radium. In the first place, uranium does not give off an emanation, 
and in consequence does not pi'oduce any excited activity on bodies. 
So far only one active product Ur X has been observed in uranium. 
This active product Ur X differs from Th X and the emanations, 
inasmuch as the radiation fi«m it consists almost entirely of ^ rays. 
This peculiarity of the radiations from Ur X initially led to some 
confusion in the interpretation of observations on Ur X and the 

I uranium from which it had been separatt^d. When examined by 
tile photographic method, the uranium fi-ced from UrX showed no 
photographic action, while the Ur X possessed it to an intense. 
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degree. With the electric method, on the other hand, the results 
obtained were exactly the reverse. The uranium freed fix)m Ur X 
showed very little loss of activity while the activity of the UrX 
was very small. The explanation of these results was given by 
Soddy^ and by Rutherford and Grier*. The a rays of uranium are 
photographically almost inactive but produce most of the ioniza- 
tion in the gas. The (i rays, on the other hand, produce a strong 
photographic action, but very little ionization compared with the a 
rays. When the Ur X is separated from the uranium, the uranium 
does not at first give out any 13 rays. In the course of time, fresh 
Ur X is produced from the uranium, and yS rays begin to appear, 
gradually increasing in intensity until they reach the original value 
shown before the separation of the Ur X. 

In order to determine the recovery curves of uranium after the 
separation of Ur X, it was thus necessary to measure the rate of 
increase of the /8 rays. This was done by covering the uranium 
with a layer of aluminium of sufficient thickness to absorb all the 
a rays, and then measuring the ionization due to the rays in an 
apparatus similar to Fig. 16. 

Uranium has not yet been obtained inactive when tested by 
the electric method. BecquereP has stated that he was able to 
obtain inactive uranium, but in his experiments the uranium was 
covered with a layer of black paper, which would entirely absorb 
the a rays. There is no evidence that the a radiation of uranium 
has been altered either in character or amoimt by any chemical 
treatment. The a rays appear to be inseparable from the uranium, 
and it will be shown later that the other radio-active elements as 
well as uranium also possess a non-separable activity consistiDg 
entirely of a rays. The changes occurring in uranium must then 
be considered to be of two kinds, (1) the change which gives rise 
to the OL rays and the product Ur X, (2) the change which gives 
rise to the y8 rays from Ur X. 

The possibility of separating the Ur X, which gives rise to the 
yS rays of uranium, shows that the a and /8 rays are produced quite 
independently of one another, and by matter of different chemical 
properties. 

1 Tram. Chem, Soc, 81, p. 460, 1902. « PhiL Mag. Sept. 1902. 

» C. R. lai, p. 137, 1900. 
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190, Radio-actiTity of thorium. The iwiin-jtctivt.- pto- 
cesaes nccnrring in thorium are far more coinplicattd thai] those 
in uranium. It has been shown that a radio-actiYe pnxluct 
I Th X ia continumialy produced from the thorium. This Th X 
up, giving rise to the radio-active emanation. This radio- 
emanation, in turn, producea from itself the active matter, 
X, which ia reeponaible for the phenomenon of excited 
radio-activity. It haa alao been shown (section 176) that there is 
very strong evidence that the emanation X of thorium goes through 
two fiirther changes, before the radio-active proceases are at an 
end. 

Thepeculiaritieaoftheinitialportionsof the decay and i-ecovery 
curves ()f Th X and thorium reapectively (Curvea A and B, Fig. 34, 
p. 180), will now be considered. It wa* shown that when the 
Th X was removed from the thorium by precipitation with ammonia, 
the radiation increased about 15 per cent, during the firat day, passed 
through a maximum, and then tell off according to an exponential 
law, decreasing to half value in four days. At the same time the 
activity of the separated hydroxide decreased for the first day, 
passed through a minimum, and th<?n alowly increased again, rising 
to its original value after the lapse of about one month. 

When a thorium compound is in a wtate of radio-active equi- 
librium, the series of changea in which Th X, the emanation, and 
emanation X are produced go on eimultaneoualy. Since a state of 
equilibrium has been reached for each of these products, the 
amoimt of each product changing in unit time is equal to the 
amount of that product supplied from the preceding change in 
unit time. Now the matter Th X is soluble in ammonia, while 
the matter emanation X is not. The Th X is thus removed from 
the thorium by precipitation with ammonia, but the emanation X 
is left behind with the thoriiim. Since the emanation X ia pro- 
duced from the emanation, which in turn arises from Th X, cm the 
removal of the exciting cause Th X, the radiation due to this 
X will decay, since the rate of production of Iresh 
X no longer balances its own rate of change. Diaregard- 
the initial irregularity in the decay curve of emanation X 
170), the activity of the emanation X will have decayed 
value in about 11 hours and to one quarter value at the 
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end of 22 hours. As soon, however, as the Th X has .been separated, 
new Th X is produced in the thorium compound. The activity of 
this new Th X is not, however, sufficient to compensate at first for 
the loss of activity due to the change in emanation X, so that, as 
a whole, the activity will at first decrease, then pass through a 
minimum, then increase again. 

The correctness of this point of view has been tested by Ruther- 
ford and Soddy* as follows : If the precipitated thorium hydroxide 
after the removal of Th X is put through a series of precipitations 
with ammonia at short intervals, the Th X is removed almost as 
fast as it is formed, and, at the same time, the activity of the 
emanation X decays. 

The following table indicates the results obtained. A portion 
of the precipitated hydroxide was removed after each series of 
precipitations and its activity tested in the usual way. 

Activity of 
hydroxide per cent. 

After 1 precipitation 46 

After 3 precipitations at intervals of 24 hours ... 39 

After 3 more precipitations at intervals of 24 hours and 

3 at intervals of 8 hours 22 

After 3 more each of 8 hours 24 

After 6 more each of 4 hours 25 

The differences in the last three numbers are not significant, 
for it is difficult to make accurate comparisons of the activity of 
thorium compounds, which have been precipitated under slightly 
different conditions. It is thus seen that as a result of successive 
precipitations, the activity is reduced to a minimum of about 25 per 
cent. The recovery curve of the activity of this 23 times precipitated 
hydroxide is shown in Fig. 56. The initial drop in the curve is 
quite absent, and the curve, starting from the minimum, is practi- 
cally identical with the curve shown in Fig. 35, which gives the 
recovery curve of thorium hydroxide after the first two days. This 
residual activity — about 25 per cent, of the maximum — is non- 
separable from the thorium by any chemical process that has been 
tried. 

The initial rise of activity of Th X, after it has been separated, 
will now be considered. In all cases, it was found that the activity 

1 Trans, Chem, Soc. 81, p. 837, 1902. Phil, Mag, Nov. 1902. 
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of the separated Th X had increased about 15 per cent, at the 
end of 24 hours, and then steadily decayed, falling to half value in 
about four days. 

This peculiarity of the Th X curve follows, of necessity, from the 
considerations already advanced to explain the drop in the recovery 
curve. As soon as the Th X is separated, it at once produces from 
itaelf the emanation, and this in turn produces the emanation X. The 
activity due to the emanation X at first more than compensates 
for the decay of activity of the Th X itself. The total activity 
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Fig. 56. 
thus increase.'f to a maximum, and then slowly decays to zero 
according to an exponential law with the time. The curve ex- 
pressing the variation of the activity of the se|»arated Th X with 
time can be deduced from the theory of successive changes already 
considered in section 175. In the present ease there are three 
successive changes occurring at the same time, viz. the change of 
Th X into the emanation, of the emanation into emanation X, and 
the final changes giving rise to the activity of emanation X. Since, 
however, the change of the emanation into emanation X (about 
half changed in one minute) is fer more rapid than the changes 
occurring in Th X or emanation X, for the purposes oj^j^^ilftion 
it may be assumed without serious error that the 
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once into emanation X. The initial change of emanation X — 
about half changed in 55 minutes — will also be disregarded for 
the same reason. 

Let Xi and Xa be the constants of decay of activity of Th X 
and emanation X respectively. Since the activity of Th X and 
of emanation X falls to half value in 4 days and 11 hours respec- 
tively, the value of Xi = '0072 and of Xg = '063 where 1 hour is 
taken as the unit of time. 

It has already been shown (section 175) that after a time t 
the activity /«, of a product in which there is a secondary change, 
is given by 



^ = e-^'Ml + 



xLXq xLXs 



e-(A,-A,)< 



)• 



1q \ A2 ■" Xi Xa — Xi 

where /© is the intensity of the radiation immediately after separa- 
tion and K the ratio of the ionization produced in the secondary 
change to that produced in the primary change. By comparison 
of this equation with the curve of variation of the activity of Th X 
with time shown in Fig. 57, Curve A, it is found that the value 
of K is about '44. 

The calculated values of ~ for different values of t are showD 

in the second column of the following table, and the observed values 
in the third column. 



Time 


Theoretical 


Observed 


value 


value 





1-00 


1-00 


•25 days 


1-09 




•5 „ 


1-16 




1 » 


1-16 


117 


1-5 „ 


111 


— 


2 „ 


1-04 




3 y, 


•875 


•88 


4 ,, 


•75 


•72 


6 


•53 


•53 


9 » 


•316 


•295 


13 

1 


•157 


•152 



The theoretical and observed values thus agree within the 
mit of error in the measurements. The theoretical curve » 



shown in Curve A, Fig. 57 (with the observed points marked, far 
compariBon). The curve B ehows the theoretical curve of the decay 
of the activity of Th X and the emanation, supposing there is no 
secondary change into emanation X. Curve C ehows the differ- 
ence curve between the curves A and B, i.e. the proportion of the 
activity at different times due to the emanation X. The activity 
due to emanation X thus rises to a maximum about two days alter 
removal of the Th X, and then decays with the time at the same 



\a 

\B ! N. 



Fig. 57- 

rate as the Th X itself, i.e. the activity fells to half amount every 
four days. When the value of ( exceeds four days, the value of 
e-<*i-*i)< in the theoretical equation is very small. 
The equation of decay is thus expressed by 

i.e. the curve decays in an exponential law with the time. 
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191. Radio-activity of radium. Notwithstanding the 
enormous difference in their relative activities, the radio-activity 
of radium presents many close analogies to that of thorium. Both 
substances give rise to emanations which in turn produce " excited 
activity" on bodies in their neighbourhood. Radium, however, 
does not give rise to any intermediate product between the 
element itself and the emanation it produces, or in other words 
there is no product in radium corresponding to Th X in thorium. 

Giesel first drew attention to the fact that a radium compound 
gradually increased in activity after preparation, and only reached 
a constant value after a month's interval. If a radium compound 
is dissolved in water and boiled for some time, or a current of air 
drawn through the solution, on evaporation it is found that the 
activity has been diminished. The same result is observed if 
a solid radium compound is heated in the open air. This loss 
of activity is due to the removal of the emanation by the process 
of solution or heating. Consider the case of a radium compound 
which has been kept for some time in solution in a shallow vessel, 
exposed to the open air, and then evaporated to dryness. The 
emanation which, in the state of solution, was removed as fast as 
it was formed, is now occluded, and, together with the emana- 
tion X which it produces, adds its radiations to that of the original 
radium. The activity will increase to a maximum value where the 
rate of production of fi:-esh emanation balances the rate of change 
of that already produced. 

If now the compound is dissolved or heated, the emanation 
escapes. Since the emanation X is not volatile and is insoluble 
in water, it is not removed by the process of solution or heating. 
Since, however, the exciting cause is removed, its activity will 
immediately begin to decay, and in the course of a few hours 
will have almost disappeared. The activity of the radium mea- 
sured by the rays is then found to be about 25 per cent, of its 
original value. This residual activity of radium, consisting entirely 
of a TSiySy is non-separable, and has not been further diminished bv 
chemical or physical means. Rutherford and Soddy^ examined the 
effect of aspiration for long intervals through a radium chloride 
solution. After the first few hours the activity was found to be 

^ Phil. Mag. ^pril, 1903. 
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reduced to 25 per cent,, and further aspiration for three weeks 
did not produce any iurther diminution. The radium was then 
evaporated to dryness, and the rise of its activity with time 
determined. The results are shown in the following table. The 
final activity in the second column is taken as one hundred. In 
column 3 is given the percentage proportion of the activity re- 
covered. 



Time iu daj^ 


Aetivity 


FerceDtage 





25-0 


! 


■ 0-70 


33-7 


11-7 1 


1-77 


42-7 


23-7 




88-5 




;-83 


83-6 


78-0 


16-0 


960 


95-0 


21-0 


100-0 


100-0 



The results are shown graphically in Fig. 58. 
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The decay curve of the radium emanation is shown in the 
same figure. The cuirve of recovery of the lost activity of radium 
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is thus analogous to the curves of recovery of uranium and thorium 
which have been freed from the active products Ur X and Th X 
respectively. The intensity It of the recovered activity at any 

time is given by y = 1 — e"^, where /© is the final value, and \ is 

the radio-active constant of the emanation. The decay and recovery 
curves are complementary to one another. 

Knowing the rate of decay of activity of the radium emanation, 
the recovery curve of the activity of radium can thus at once be 
deduced, provided all of the emanation formed is occluded in the 
radium compound. 

When the emanation is removed from a radium compound by 
solution or heating, the activity measured hy the /3 rays falls 
almost to zero, but increases in the course of a month to its 
original value. The curve showing the rise of /9 rays with time 
is practically identical with the curve, Fig. 58, showing the re- 
covery of the lost activity of radium measured by the a rays. The 
explanation of this result lies in the fiujt that the /3 rays from 
\ radium only arise from emanation X, and that the non-separable 
^ activity of radium gives out only a rays. On removal of the 
ema-nation, the activity of the emanation X decays nearly to 
zero, and in consequence the y8 rays almost disappear. When 
the radium is allowed to stand, the emanation begins to ac- 
cumulate, and produces in turn emanation X, which gives rise to 
^ rays. The amount of yS rays (allowing for a period of retarda- 
tion of a few hours) will then increase at the same rate as the 
activity of the emanation, which is continuously produced from 
the radium. 

192. If the radium allows some of the emanation produced to 
escape into the air, the curves of recovery will be different from 
that shown in Fig. 58. For example, suppose that the radium 
compound allows a constant fraction a of the amount of emana- 
tion, present in the compound at any time, to escape per second 
If n is the number of emanation particles present in the com- 
pound at the time t, the number of emanation particles changing 
in the time dt is Xndt, where X is the constant of decay of activity 
of the emanation. If q is the rate of production of emanatioD 
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jtaitick-B per BfCuiiil. the incruaae of the number dii in the time dt 
is given by 

dn = (jdt— Xndt — andt. 



dt 



= g-(X + a)n, 



The same eqiiatinn la obtained when no emanation escapes, 
with tht! difference that the conataiit X + a ia replaced by \. 

When 

of n is L-qual to - — . 

If no eacape takes place, the maximum value of n is equal to ^ , 
The escape of emanation will thus lower the amount of activity 
recovered in the proportion r — — . If «„ is the final number of 
emanation particles stored up in the compound, the integration of 
the above equation gives — = 1 —«"■*"'"■" . 

The cuiTe of recovery of activity is thus of the same general 
form as the curve when no emanation escapes, but the constant 
X is replaced by X + a. 

For example, if a = X = 1/463000, the equation of rise of activity 



) given by - 



= 1- 



, and, in consequence, the 



activity to the maximum will be far more rapid than in the 
case of no escape of emanation. 

A very slight escape of emanation will thus produce large altera- 
tions both in the final maximum and in the curve of recovery of 
activity. 

A large number of experiments have been described by Mme Curie 
in her Thkse pr4sent4e d, la Faculti des Sciences de Paris on the 
effect of solution and of heat in diminishing the activity of radium. 
The results obtained are in general agreement with the above view, 
that 75 per cent, of the activity of radium is due to the emana- 
tion and the excited activity it produces. If the emanation is 
wholly or partly removed by solution or heating, the activity of 
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the radium is correspondingly diminished, but the activity of 
the radium compound is spontaneously recovered owing to the 
production of fresh emanation. A state of radio-active equi- 
librium is reached, when the rate of production of fresh emanation 
balances the rate of change in the emanation stored up in the 
compound. The diflferences observed in the rate of recovery of 
radium under diflferent conditions were probably due to variations 
in the rate of escape of the emanation. 

193. Non-separable activity. It has been shown that, for 
all three radio-elements, uranium, thorium, and radium, there is 
a non-separable activity consisting entirely of a rays. In the 
case of uranium the activity is the same as the activity of the 
uranium, measured by the a rays, before the product XJr X, which 
gives rise only to ^ rays, is removed. In the case of thorium 
and radium, where the active products produced give out a rays, 
the non-separable activity is about 25 per cent, of the maximum 
activity measured by the a rays. 

The existence of a non-separable activity follows from the 
point of view of regarding radio-active processes which has been 
advanced in sections 87 and 127. The three radio-elements 
are supposed to be undergoing atomic disintegration, which is 
accompanied by the expulsion of a rays. If the number of atoms 
which break up per second is almost infinitesimal compared with 
the total number present, the same number, on an average, will 
break up per second. The number of a particles expelled per 
second will thus be a constant for each radio-element. There 
will thus always be a non-separable activity of the radio-elements, 
which is an inherent property of the elements and cannot be 
removed from them by any chemical or physical process. 

194. Radiations from the active products. Most of the 
changes occurring in the diflferent radio-active products are accom- 
panied by the emission of a rays alone. The fi and 7 rays appear 
only in the final stages of the radio-active changes. 

It has been shown that the non-separable activity of the three 

radio-elements consists entirely of a rays. The two emanations give 

rise only to a rays (section 147). It also seems probable that the 

product Th X, if the emanation X which it produces is completelj 



eparated from it, would give rise only to a rays. On the other 
', the activity of Ur X consists only of /3 rays. The changes 
ic matter emanation X of thorium and radium give rise to 
oth a and Q rays. It has been shown (section 176) that the 
onanation X of thorium goes through two changes, the first of 
hich does not give rise to rays at all, and the second of which 
ives rise to a and ff rays. The first change occurring in emana- 
i X of radium gives rise to a rays but not to j8 rays; the 
icond change probably does not give rise to rays at all. while 
le third change again includes all three kinds of rays. The 
Si of >y rays in the first change, taking place in the emana- 
ion X of radium, can readily be shown by exposing a negatively 
barged wire in the presence of the radium emanation for a few 
inutes. The activity on removal, measured by the a rays, falls 
apidly, as is shown in Fig. 51, p. 262; but the activity measured 
iy the ;S rays alone is at first small, and increases for some time 
istead of diminishing. If a and fi rays had been both given out 
I the first change, it is to be expected that the amount of the ^ 
idiation would initially decay at the same rate els the a radiation, 
ut no such effect is observed. 

The and probably also the y lays of the three radio-elements 
JUS only appear in the last of the series of radio-active changes, 
t is remarkable that the last change, which is readily detected 
■ the radio-active property, should in each of the three radio- 
lements he accompanied by the expulsion of a single electron 
ith great velocity, and that all the other changes, with the ex- 
eption of two that probably give rise to no rays at all, should 
e accompanied by the expulsion of a rays, i.e. of material particles 
tomic in size. 

The polonium of Mme Curi« and the radio -tellurium of 

barckwald emit only a raya. Becquere!' states that he has 

detected some rays of a penetrating character h\}m polonium 

hy the photographic method. The writer has examined by the 

iectric method the radiations from the active preparation of 

iio-tellurium, but was iinable to detect any trace of 7 rays. 

le evidence so lar obtained points to the conclusion that the 
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7 vayn appear at the same tiiite aa the y9 rayn. and iu aci amount 
j>nipoi1.iona! to them. 

The character of the radiations trom each of the radio-active 
pixniucte must always be taken into consideration in the interpre- 
tation of results obtained by diffei-ent methods of measiiremeiit 
For example, a radium compound, which has been heated in m 
open glass tube, after a few hours practically loses its power irf 
exciting fluorescence on a screen of platino-cyanide of barium 
placed near it. This is due to the feet already mentioned, thai 
thu and y rays practically disappear from radium for sever^ 
hours after the emanation is removed. For the same reastio the 
radium, with a screen placed over it of sufficient thickaess to 
absorb all the a rays, would appear, when measui-ed by the electric 
method, to be almost inactive. 

Since the a raya are photographically very inactive compar«d 
with the ff rays, the non-separable activity of uranium, thorium, 
and radium, although producing marked ionization, would be 
almost inappreciable if tested by the photographic method. It hna 
been stated by some observers that uranium and thorium have been 
obtained which showed no trace of activity. On examination of the 
residts, however, it ia found that the methods employed were not 
suitable to definitely settle the question. It is true that, by certun 
chemical processes, uranium and thorium can be obtained tempo- 
rarily inactive, when tested by the photographic method, or by lb« 
electric method if the compound is covered by a screen of MuffickH 
thickness to absorb all the a rays. If however the activity is tamM 
electrically with unscreened active matter, there is always found tOlB 
a residual activity. In the course of time, the uranium and thurinnn 
compounds spontaneously regain the whole of their lost activity 

196. Dlvtslon of the actlTtty amon^rvt the prodaetlJ 

It has been shown in section 190 that the activity of thoriun 
hydroxide, after the removal of Th X, tails to 46 per cent, of ifl 
original value. When the Th X is removed from the thoriata:^| 
short intervals, in order to allow the activity of the emanatiol^| 
left behind to decay, there is a residual activity of 25 per ceiikJ| 
the maximum. About 21 per cent, of the total activity is tn^ 
due to the emanation X. I I 
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This resiilt is confirmed by obtwrvations on the increase nf 
activity of Th X after i-emoval. It has been shown in section 
190 that the activity due to the emanation X, produced irom 
the Th X, is equal tn '44 when the activity of the Th X, together 
with the emanation it prodiices, is taken aa nnity. Now the 
activity of the separated Th X and the emanation ia equal to "54 
of the total. The proportitjn of the total activity due to emana- 
tion X is thus 24 per cent., a reault which is not very different 
from the value of 21 per cent, obtained previously. It is difficnlt 
to make an accurate estimate of the activity of the emanation, 
compared with that due to the emanation X. An approximate 
estimate was however made in the following way. 

Some thorium hydroxide enclosed in a paper envelope was 
placed inside a closed cylinder with an insulated central electrode 
kept charged negatively. After an interval of several days, a state 
of radio-active equilibrium waa reached, and the ionization was 
measured : 

(1) with the thorium inside the cylinder, and 

(2) with the thorium removed. 

(1) gave the ionization current due to the emanation and the 
emanation X on the central electrode, and (2) gave the current due 
to the emanation X. Taking into consideration that half of the 
radiation from the emanation X was absorbed in the central elec- 
trode, it was deduced that the amount of ionization produced by the 
emanation in the gas was not very different from that produced by 
the emanation X. This result points to the conclusion that the 
emaoation and emanation X in a thorium compound supply about 
an equal proportion of the total activity. The relative activities 
of the different products are shown in the following table. The 
numbers must only be considered as approximate. 

Raaidual activity of thorium ... ... ... ... 26 °/„ 

Activity of ThX alone 21 % 

„ „ emanation alone 24 % 

„ due to first ohange emanation X 07., 

„ „ seuoiid „ „ „ 2i 7„ 

Leaving out of account the first change in emanation X, which 
is of a character quite distinct from the others, it is seen that the 
activity is approximately equally divided amongst the producto 
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Similar results hold in the case of radium. The emanation 
and the residual activity of radium supply about 18 and 25 per cent 
respectively of the total activity, and the rest is supplied by the 
changes in emanation X. These results are thus also in rough 
agreement with those obtained for thorium, and indicate that each 
change which gives rise to a rays supplies about an equal firaction 
of the total activity. This is an important result, for it indicates 
that about the same number of a particles is expelled at each 
change, which gives rise to a rays. This deduction is based on the 
observed fact that the penetrating power and consequently the 
ionization produced by such a particles is not very different. It 
therefore seems probable that, when a compound of thorium or of 
radium is in radio-active equilibrium, the same number of systems 
change per second in each of the products, and that the change in 
all cases but one is accompanied by the expulsion of about the 
same number of a particles. 

196. Conservation of radio-activity. The early observa- 
tions on uranium and thorium had shown that their radio-activity 
remained constant over the period of several' years during which 
they were examined. The possibility of separating from uranium 
and thorium the active products Ur X and Th X respectively, the 
activity of which decayed with the time, seemed at first sight to be 
contradictory to this point of view. Further observation, however, 
showed that the total radio-activity of these bodies was not altered 
by the chemical processes, for it was found that the uranium 
and thorium from which the active products were removed, spon- 
taneously regained their radio-activity. At any time after removal 
of the active product, the sum total of the radio-activity of the 
separated product together with that of the substance from which 
it has been separated is always equal to that of the original com- 
pound before separation. In cases where the active products, like 
Ur X and the radium emanation, decay with time according to an 
exponential law, this follows at once from the experimental result& 
If it is the activity of the product at any time t after separation. 

It 
and Iq the initial value, we know that j =e'^. At the same 

time the activity It recovered during the interval t is given br 
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where X. is the same constant t 



befor 



It thus 



follows that tf + /( = /o, which is an expression of the above result. 
The sarae ia alao true whatever the law of decay of activity of the 
separated product (see aection 174). For example, the activity of 
ThX after separation from thoriaim at first increafles with the 
time. At the sarae time, the activity of the residual thorium 
compound at first decreases, and at such a rate, that the sum of 
the activities of the thorinm and its separated product is always 
equal to that of the original thorium. 

This principle of " conservation of radio-activity'," aa it may fee 
termed, follows from the general result that the radio-active pro- 
cesses cannot in any way be changed by the action of known 
forces. It may be recalled that the rate of decay of the activity of 
a radio-active product cannot be altered by any known agency. 
The rate of decay is independent of the concentration of the active 
matter, of the pressure and of the nature of the gas in which it is 
placed, and is not affected by wide ranges of temperature. In the 
samt; way, it has not been found possible to alter the rate of 
production of active matter from the radio-elements. In addition, 
therL- is not a single case yet observed where radio-activity has 
been altered or destroyed in any active body or created in an 
inactive element. 

Certain cases have been observed, which at first sight seem to 
indicate a destruction of radio-activity. For example, the excited 
radio-activity is removed from a platinum wire when heated above 
a red heat. It has been shown, however, by Miss Gates (sec- 
tion 180) that the radio-activity is not destroyed, but ia deposited 
in unaltered amount on the colder bodies surrounding it. Thorium 
oxide has been shown to lose its power in emanating to a large 
ent by ignition to a white heat. But a close examination shows 
t the emanation ia still being produced at the samejrate, but is 
Kchided in the compoimd. 

The total radio-activity of a given mass of a radio- element, 
ed by the pecuhar radiations emitted, is a quantity which 
ther be increased nor diminiahed, although it may be mani- 
n a series of products which are capable of separatior 
' Butherfonl and Soddy, Phil. Mag. May, 190S. 
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the radio-element. The term "conservation of radio-activitv " is 
thus a convenient expression of the &cts known at the present 
time. It is quite possible, however, that further experiments at 
very high or very low temperatures may show that the radio- 
activity does vary. For example, Dewar states that the heat 
emission of radium seems to be rather greater in liquid hydrogen 
than in liquid oxygen. An increase of heat emission would 
probably entail an increase of the radio-activity of the radium 
immersed in liquid hydrogen. Accurate experiments have not, 
however, yet been made on the radio-activity of radium at such 
low temperatures. 

Although no diflference has been observed in the radio-activitjr 
of uranium over an interval of five years, it will be shown (sec- 
tion 203) that on theoretical grounds the radio-activity of a gitm 
quantity of a radio-element should decrease with the time. The 
change will, however, be so slow in uranium and thorium, that 
probably thousands if not millions of years must elapse before a 
measurable change would have taken place. In radium, however, 
the change takes place about one million times fester, so that a 
measurable alteration should be detected in the course of a few 
years ^. The total radio-activity of a given quantity of matter left 
to itself should thus decrease, but it should be constant for a 
constant mass of the radio-element. It is only in this restricted 
sense that the principle can be employed. 

The conservation of radio-activity applies not only to the 
radiations taken as a whole, but also to each specific type of 
radiation. If the emanation is removed from a radium compound, 
the amount of ^8 radiation of the radium at once commences to 
decrease, but this is compensated by the appearance of y8 rap 
in the radiations jfrom the vessel in which the separated emanation 
is stored. At any time the sum total of the ^ radiations- fix)m the 
radium and the emanation vessel is always the same as that from 
the radium compound before the emanation was removed. 

* It seems probable however that the radio-activity of radium, measared by tbf 
a rays, will increase rather than diminish for several hundred years after iu 
separation. This is due to the fact that the increase of the activity due to the Iirt 
slow change of radium (about half changed in 200 years) will probably more tlun 
compensate for the change in the radium itself. Ultimately, however, the nubv 
Siotiyity of the radium must decrease with time. 



Similar results have alsw been found to hold t'oi' the 7 mys. 
This was tested by the writer in the following way. The eDiana,- 
tion from some solid radium bromide was released by heat, 
and condensed in a small glass tube which was then sealed off. 
The radium so treated, and the emanation tube, were placed 
together under an electii>8Cope, with a screen of lead 1 cm, thick 
interposed in order to let through only the 7 rays. The experi- 
ments were continued over three ^eeks, but the sum total of the 
7 rays from the radium and the emauation tube was, over the 
whole interval, equal to that of th<? original I'adium. During thin 
period the amount of 7 rays from the radium at first decreased to 
only a few per cent, of the original value, and then slowly increased 
again, until at the end of the three weekR it had nearly regained 
its original value, before the emanation was removed. At the same 
time the amount of 7 rays from the emanation tube rose fi^om zero 
to a maximum and then slowly decreased again at the same rate 
as the decay of the activity of the emanation in the tube. This 
result shows that the amount of 7 rays from radium was a constant 
quantity over the interval of observation, although the amount of 
7 rays from the radium and emana-tion tube had passed through a 
cycle of changes. 

197. R6BUI116 of results. Before discussiag the general 
theory advanced to account tor the processes occurring in the radio- 
_ element, a brief resumi will be given of the more important results 
■already described in detail in previous chapters. 
I The nwlio-a«tivity of uranium, thorium, and radium has been 
nbown to be maintained by the production at a constant rate, of new 
uinds of matter, which possess temporary activity. The constant 
■kctivity of the radio-elements is due to a state of equilibrium where 
V^e rate of production of new active matter compensates for the 
Behange in that already produced. In some cases, the active products 
fcoasess well-defined chemical properties different from those of the 
■barent elements and can be sepai^ted fr^ra them by chemical 
Haeans. The separation of Ur X and Th X from uranium and 
Hliorium are good examples of this process. In other cases, the 
Hew products, as in the case of the thorium and radium emana- 
^Bons, are gaseous in character and are released from the radio- 
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elements by the process of diflfusion. These emanations have been 
shown to possess the properties of gases. The radium emanation 
diflfuses and distributes itself between two reservoirs kept at 
different temperatures according to the laws of gases. Both the 
emanations can be condensed by cold, and by that means can be 
removed from the other gases with which they are mixed. The 
emanations possess the property of being occluded in some bodies, 
including the radio-elements themselves, and can be liberated by 
heating or solution. They diffuse through porous partitions, and 
in general behave like chemically inert gases of high molecular 
weight. Other radio-active products, for example the emanations 
X of radium and of thorium, are not gaseous, but attach themselves 
to the surface of bodies and can be removed from them by solution 
or heating. The emanation X of thorium, for example, possesses 
some chemical properties which distinguish it not only from the 
emanation from which it is derived, but also from the other active 
product Th X. It is soluble in some acids and not in others. If 
the emanation X of thorium is removed from an active wire by 
solution in hydrochloric acid, the active matter attaches itself to 
some metals dipped in the acid but not to others, and in general 
possesses the properties of matter of definite chemical behaviour. 
The differences in the chemical and physical properties of the 
different products of a radio-element can be well illustrated in the 
case of thorium. Thorium X is soluble in ammonia, while thorium 
is not. Thorium X produces the emanation which is a gas, in- 
soluble in acids but condensed by cold. This, in turn, produces 
the matter emanation X, which is insoluble in ammonia but soluble 
in hydrochloric and sulphuric acids. There can be little doubt 
that these active products are material in nature. They differ 
from ordinary matter in their power of emitting rays of a special 
character, and by the fact that they exist in the radio-elements m 
minute quantities which are, in most cases, too small to be detected 
by the balance or the spectroscope. Approximate estimates (sec- 
tion 162) can be made of the amount of these active products that 
are present in a radio-element when in radio-active equilibrium, 
and it has been shown that, except in the case of a very active 
body like radium, the amount is too small to be detected by 
ordinary chemical means. 
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The case of the radium emanation however is different. It 
can be ahown (section 162) that probably the emanation exists in 
greater proportion in radium than radium doea in pitchblende. 
Yet radium was detected in pitchblende by the property of radiat- 
ing which it possesses, and has been isolated from it and found to 
be an element of well-marked chemical and physical properties. 
It has been estimated that 1 gram of radium in a state of radio- 
active equilibrium probably contains a volume of about O^S cubic 
millimetre of the emanation, measured at standard pressure and 
temperature. From a kilogram of radium 0'3 cubic centimetre 
would be produced. When larger qiiantities of radium are available 
for experiments, there can thus be little doubt that a sufficient 
amount of the radium emaaation will be obtained to examine 
imically. In fact, as will be shown in section 201, even with 
^ small quantities of radium now available, some very important 
!ctroscopic evidence has already been obtained, in regard to the 
rocesses occurring in the emanation. 

[Volume of tfte EmtinationK 
Sir William Ramsay and Mr Soddy have kindly placed at my 
isposal some preliminary results of a recent investigation by them 
a the volume of the emanation released from radium. In these 
Kperiments, 60 milKgrams of pure radium bromide were used, in 
hich the emanation had been allowed to collect for 8 days. This 
manation, freed as fer as possible from all other gases, was forced 
ito a capillary tube in which its volume was measured. The 
illowing table shows the results obtained. 

loitial voliiioe 0'124 oubii; millimetre. 

Volume after 1 day 0-027 

„ „ 3 days 0-011 

6 „ 00063 

9 „ 0-0041 

„ Vi „ OOOIl 

Fiu^l vulume 0-0004 

The volume of the gas obtained shrank rapidly during the first 
\y, then more slowly, and after the third day decreased approxi- 
ately according to an exponential law with the time, decreasing 
I Added Feb. 1. 1904. 
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to half value in about four days. According to the views already 
tidvanced, it is to be expected that the volume of the emanation 
itself should decrease according to an exponential law with the 
time, falling to half value in about 3*7 days. This is a result of the 
theory that half of the emanation at the end of 3*7 days has been 
transformed into the substance emanation X, which behaves as a 
solid and is deposited on the surface of the containing vessel. It 
seems not improbable that the rapid decrease, observed during the 
first day, may have been due to the presence, with the emanation, 
of another gas which was quickly absorbed either by the walls of 
the capillary tube or by the mercury. 

It can'readily be deduced that the volume of the emanation at 
the end of the first day is equivalent to the amount derived fi^m 
0022 gram of pure radium in radio-active equilibrium. Taking 
the volume of the gas, 0*027 cubic millimetre, at the end of the 
first day as the true volume of emanation, it follows that the 
volume of the emanation to be obtained firom 1 gram of radium 
in radio-active equilibrium is 1'2 cubic millimetres. Taking the 
volume observed on the third day, the corresponding value is 
0*9 cubic millimetre. The calculated value of the volume of the 
emanation to be derived from 1 gram of radium is 0*3 cubic 
millimetre. The calculated value is thus of the right order of 
magnitude. This is an indication of the general correctness of 
the different methods of calculation (see sections 104 and 162) on 
which the theoretical determination of the volume of the emanation 
has been based. 

It will be shown later, in section 201, that the emanation of 
radium produces helium fi*om itself. The shrinkage of the volume 
to a very small fraction of its original value indicates that the 
helium produced was buried in the walls of the tube. This is to 
be expected if the helium consists in reality of the a particles 
expelled from the emanation and its products. The a particle is 
projected with sufficient velocity to penetrate a distance of about 
•02 millimetre into the walls of the capillary tube. It is to be 
expected that a portion, at least, of the buried helium should be 
released when the tube is strongly heated.] 

Of the three types of rays from the active bodies, the a andjJ 



raya are material in nature. Th« moss and velocity of the a 
particles, projected from imlium, have been measured. They have 
been shown to be positively charged particles projected with a 
velocity of about 1/10 the velocity of light, and a mass about 
twice that of the hydi'ogen atom. The rf particles carry a negative 
charge, and have an apparent maas about 1/1000 the mass of the 
hydrogen atom. They are identical in character with the cathode 
I ray particle produced in a vacuum tube. The nature of the 7 rays 
B has not yet been determined. 

H^ The a raya play by far the most important pai-t in radio-active 
>roce38es. Most of the energy radiated in the form of ionizing rays 
3 due to them. In addition, most of the active products emit only 
; rays. The and y rays in most cases only appear in the last 
'Age of the radio-active processes. 

The activity of most of the products decays according to an 
ixponential law with the time. In cases where this does not hold, 
Jie activity can be shown to be due to several successive changes, 
he rate of each of which decays according to an exponential law 
mt with a different radio-active constant. The rate of decay of 
ictivity has not yet been found to be in any way influenced by 
ride variation in chemical and physical conditions. 

The activity of any product at any time (section 124), is 
iroportional to the rate of change of the product, and is also pro- 
lortional to the amount of matter left unchanged. In cases where 
ne active product gives rise to ajiother, the activity of the first 
iroduct is, at any time, a measure of the rate of production of the 
econd product. In other words, the radiations accomjjany the 
hajige of one product into another, and serve as a measure of the 
ate of change. This point of view at once follows if the expulsion 
f rays is taken to be the cause of the change from one pniduct 
ato another. The rate of emissinn of a particles is a measure of 
he rate of change of the first product, i.e. it is proportional to the 
Ite at which the second product is produced. For example, the 
mount of emanation X of thorium produced in a given time by 
^e thorium emanation is proportional to the activity of the ema- 
ation. In cases where the rate of change of the second product is 
Bpid compared with that of the first, after sufficient interval has 
^pBed in order to reach a state of approximate radio-active equi- 
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librium, the activity of the second product is always found to vary 
at the same rate as that of the parent product. For example, the 
amount of the emanation produced by Th X is always proportional 
to the activity of the Th X, and decays at the same rate, i.e. it 
falls to half value in about four days. In the same way, the activity 
of the emanation X, produced by the radium emanation, after some 
hours have elapsed for conditions to become steady, is always found 
to be proportional to the activity of the emanation. In other 
words, the activity of the emanation X decays according to the 
same law, and at the same rate, as the radium emanation which 
produces it, i.e, to half value in a little less than four days. 

The rapid rate of heat emission of radium is connected with 
the radio-activity of that element. More than two-thirds of the 
heat emission of radium is due to the radium emanation and the 
secondary products to which the emanation gives rise. The heat 
emission seems to be for the most part connected with the emission 
of a rays. 

The total energy which would be given out by a given quantity 
of radium is of quite a different order of magnitude to that ob- 
served in ordinary chemical reactions. 

198. Theories of radio-activity. A brief review will now 
be given of the working hypotheses which have served as a guide 
to the investigators in the field of radio-activity. These working 
theories have in many cases been modified or extended with the 
growth of experimental knowledge. 

The early experiments of Mme Curie had indicated that radio- 
activity was an atomic and not a molecular phenomenon. This 
was still further substantiated by later work, and the detection and 
isolation of radium from pitchblende was a brilliant verification of 
the truth of this hypothesis. 

The discovery that the /9 rays of the radio-elements were 
similar to the cathode rays produced in a vacuum tube was an 
important advance, and has formed a basis of several subsequent 
theories. J. PerrinS in 1901, following the views of J. J. Thomson 
and others, suggested that the atoms of bodies consisted of parts 
and might be likened to a miniature planetary system. In the 

I RevM Hcltntifique, April 13, 1901. 



B&DIO-ACmVE PROCESSES 



317 



itoras rjf the radio-elementa, the parts composing the atoms more 
istant fr<:im the centre might be able to escape from the central 
ttraction and thus give rise to the radiation of energy observed. 
1 December 1901, BecquereJ^ put forward the following hypo- 
lesis, which he stated had served him aa a, guide in his investi- 
itions. According to the view of J. J. Thomson, radio-active 
latter consists of negatively and positively charged particles. The 
irmer have a mass about 1/1000 of the mass of the hydrogen 
while the lattei- have a mass about one thousand times 
reater than the negative particle. The negatively charged par- 
icles (the ff rays) would be projected with great velocity, but 
he larger positive particles would have much lower velocity and 
THild form as a sort of gas (the emanation) which would deposit 
on the surface of bodies. This in turn would subdivide 
iving rise to rays (excited activity). 

In a paper communicated to the Royal Society in June 1900, 
tutherford and McClung' showed that the energy, radiated in 

3 form of ionizing rays into the gas, was 3000 gram-calories per 
ear for radium of activity 100,000 times that of uranium. Taking 

3 latest estimate 1,500,000 of the activity of a pure radium com- 
ound, this would correspond to an emission of energy into the 
Eis in the form of a rays of about 46,000 gram-calories per gram 
er year. The suggestion was put forward that this energy might 
e derived from a re-grouping of the constituents of the atom of 
le radio-elements, and it was pointed out that the possible energy 
) be derived from a greater concentration of the components of 
le atom was large compared with that given out in molecular 
factions. 

In the original papers' giving an account of the discovery of the 
manation of thorium and the excited radio-activity produced by 
i, the writer took the view that both of these manifestations were 
ue to radio-active material. The emanation behaved like a gae, 
'hile the matter which caused excited activity attached itself to 
olids and could be dissolved in some acids but not in others. In 
onjimction with Miss Brooks, it was shown that the radium 
manation diffused through air like a gas of heavy molecular 
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weight. At a later date Mr Soddy and the writer showed that the 
radium and thorium emanations behaved like chemically inert 
gases, since they were unaflfected by the most drastic physical 
and chemical treatment. 

On the other hand, P. Curie, who, in conjunction with Debieme, 
had made a series of researches on the radium emanation, expressed 
dissent from this view. P. Curie ^ did not consider that there was 
sufficient evidence that the emanation was material in nature, and 
pointed out that no spectroscopic evidence of its presence had yet 
been obtained, and also that the emanation disappeared when 
contained in a sealed vessel. It was pointed out by the writer* 
that the failure to detect spectroscopic lines was probably a conse- 
quence of the minute quantity of the emanation present, under 
ordinary conditions, although the electrical and phosphorescent 
actions produced by this small quantity are very marked. This 
contention is borne out by calculations of the probable amount of 
the emanation released from 1 gram of radium given in section 162. 
P. Curie took the view that the emanation was not material, 
but consisted of centres of condensation of energy attached to the 
gas molecules and moving with them. 

M. and Mme Curie have throughout taken a very general view 
of the phenomena of radio-activity, and have not put forward any 
definite theory. In Jan. 1902, they gave an account of the general 
working theory' which had guided them in their researches. 
Radio-activity is an atomic property, and the recognition of this 
fact had created their methods of research. Each atom acts as a 
constant source of emission of energy. This energy may either 
be derived from the potential energy of the atom itself, or each 
atom may act as a mechanism which instantly regains the energy 
which is lost. They suggested that this energy may be borrowed 
from the surrounding air in some way not contemplated by the 
principle of Camot. 

In the course of a detailed study of the radio-activity of thorium, 
Mr Soddy and the writer* found that it was necessary to suppose 
that thorium was continuously producing from itself new kinds of 

1 C. R. 136, p. 223, 1903. « Phil Mag. April, 1903. 

3 C. R. 134, p. 85, 1902. 

* Trans. Chem. Soc. 81, pp. 321, 837, 1902. Phil. Mag. Sept. and Nov. 1902. 
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active matter, which possess temporary activity and ditfer in 

^chemical properties frum the thoriuiD. The constant radio-activity 

^Bof thorium was shown to be the result of equilibrium between the 

^■processes of production uf active matter and the change of that 

■ already produced. At the same time, the theory was advanced 

m that the production of active matter was a consequence of the dis- 

P integration of the atom. The work of the following year was 

devoted to an examination of the radio-activity of uranium and 

radium on similar lines, and it was found that the conclusions 

already advanced for thorium held equally tor uranium and radium'. 

The discovery of a condensation of the radio-active emanations" 

gave additional support to the view that the emanations were 

in character. In the meantime, the writer" had found that 

■he rays consisted of positively charged bodies atomic in size, 

rqjected with great velocity. The discovery of the material 

lature of these rays served to strengthen the theory of atomic 

isintegration, and at the same time to offer an explanation of 

pfae connection between the a rays and the changes occurring in 

^e radio-elementa. In A paper entitled "'Radio-active Change," 

Hr Soddy and the writer* put forward in some detail the theory 

f atomic disintegration as an explanation of the phenomena of 

idio-activity, and at the same time some of the more important 

lonsequences which follow from the theory were discussed. 

In a paper announcing the discovery of the heat emission of 
idiuin, P. Curie and Laborde" state that the heat energy may be 
equally well supposed to be derived from a breaking up of the 
radium atom or from energy absorbed by the radium from some 
external source. 

J. J. Thomson in an article on "Radium," communicated to 
Natare^. put forward the view that the emission of energy from 
radium is probably due to some change within of the atom, and 
pointed out that a large store of energy would be released by a 
contraction of the atom. 

Sir William Crookes', in 1899, proposed the theory that the 

' Phil. Man. AP"1. 1903- '' P'"''- ^»S- May, 1903. 

» PAyj. Ztit. i, p. 235, 1902. Phil. Mag. Feb. 1903. 
■ Phil. Mag. May, 1903. ' G. R. 136, p. 673, 191)3. 

« Nature, p. 601, 1903, ' C. S. 138, p. 176, 1899. 
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radio-active elements possess the property of abstracting energy 
from the gas. If the moving molecules, impinging more swiftly 
on the substance, were released from the active substance at a 
much lower velocity, the energy released from the radio-elements 
might be derived from the atmosphere. This theory was advanced 
again later to account for the large heat emission of radium, 
discovered by P. Curie and Laborde. 

Fillipo Re^ recently advanced a very general theory of matter 
with a special application to radio-active bodies. He supposes 
that the parts of the atom were originally free, constituting a 
nebula of extreme tenuity. These parts have gradually become 
united round centres of condensation, and have thus formed the 
atoms of the elements. On this view an atom may be likened 
to an extinct sun. The radio-active atoms occupy a transition 
stage between the original nebula and the more stable chemical 
atoms, and in the course of their contraction give rise to the 
heat emission observed. 

Lord Kelvin in a paper to the British Association, 1903, has 
suggested that radium may obtain its energy from external sources. 
If a piece of white paper is put into one vessel and a piece of black 
paper into an exactly similar vessel, on exposure of both vessels to 
the light the vessel containing the black paper is found to be at a 
higher temperature. He suggests that radium in a similar manner 
may keep its temperature above the surrounding air by its power 
of a-bsorption of unknown radiations. 

199. Discussion of Theories. From the survey of the 
general hypotheses advanced as possible explanations of radio- 
activity, it is seen that they may be broadly divided into two 
classes, one of which assumes that the energy emitted from the 
radio-elements is derived at the expense of the internal energy of 
the atom, and the other that the energy is derived from external 
sources, but that the radio-elements act as mechanisms capable of 
transforming this borrowed energy into the special forms manifested 
in the phenomena of radio-activity. Of these two sets of hypo- 
theses the first appears to be the most probable, and to be best 
supported by the experimental evidence. Up to the present not 

1 C. R. p. 136, p. 1393, 1903. 
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slighteat experimental evideace has been adduced to show 
ihat the energy of radium is derived from external Rources. 

J. J. Thomson (he. dt) has discussed the qu^tion in the 
tbilowiiig way :— 

" It has been suggested that the radium derives its energy from 
be air surrounding it, that the atoms of radium possess the faculty 
if abstracting the kinetic energy from the more rapidly moving air 
molecules while they are able to retain their own energy when in 
collision with the slowly moving molecules of air. I cannot see, 
however, that even the possession of this property would explain 
the behaviour of radium ; for imagine a portion of radium placed 
in a cavity in a block of ice *, the ice around the radium gets 
melted ; where does the energy for this come from? By the hypo- 
theses there is no change in the air-radium system in the cavity, 
for the energy gained by the radium is lost by the air, while heat 
cannot flow into the cavity from the outside, for the melted ice 
round the cavity is hotter than the ice surrounding it." 

The writer has recently found that the activity of radium is 
not altered by surrounding it with a large mass of lead, A cylinder 
of lead was cast 10 cms. in diameter and 10 cms. high. A hole 
was bored in one end of the cylinder to the centre, and the radium, 
enclosed in a small glass tube, ivas placed in the cavity. The 
opening was then hermetically closed. The activity was measured 
by the rate of discharge of an electroscope by the y rays trans- 
mitted through the lead, but no appreciable change was observed 
during a period of one month. 

M. and Mme Curie early made the suggestion that the radiation 
of energy from the radio-active bodies might be accounted lor by 
supposing that space is traversed hy a type of Rflntgen rays, and 
that the radio -elements possess the property of absorbing them. 
Recent experiments (section 215) have shown that there is present 
at the surface of the earth a very penetrating type of rays, similar 
to the 7 rays of radium. Even if it were supposed that the radio- 
elements possessed the power of absorbing this radiation, the 
Y of the rays is far too minute to account even for the energy 
diated from an element of small activity like uranium. In 
tddition, all the evidence so far obtained points to the conclusion 
jbat the radio-active bodies do not absorb the type 6)f_jlKra t}ieT 
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emit to any greater extent than would be expected from their 
density. It has been shown (section 79) that this is true in the 
case of uranium. Even if it were supposed that the radio-elements 
possess the property of absorbing the energy of some unknown 
type of radiation, which is able to pass through ordinary matter 
with little absorption, there still remains the fundamental diflSculty 
of accounting for the peculiar radiations from the radio-elements, 
and the series of changes that occur in them. It is not sufficient 
to account for the heat emission only, for it has been shown (section 
106) that the emission of heat is directly connected with the radio- 
activity. 

In addition, the distribution of the heat emission of radium 
amongst the radio-active products which arise from it is extremely 
difficult to explain on the hjrpothesis that the energy emitted 
is borrowed from external sources. It has been shown that more 
than two-thirds of the heat emitted by radium is due to the 
emanation together with the matter emanation X, which is pro- 
duced by the emanation. When the emanation is separated from 
the radium, its power of emitting heat, after reaching a maximum, 
decreases with the time according to an exponential law. It 
would thus be necessary on the absorption hypothesis to postulate 
that most of the heat emission of radium, observed under ordinary 
conditions, is not due to the radium itself but to something pro- 
duced by the radium, the power of which of absorbing energy from 
external sources diminishes with time. 

The strongest evidence against the hjrpothesis of absorption of 
external energy is that such a theory ignores the fact, that, when- 
ever radio-activity is observed, it is always accompanied by some 
change which can be detected by the appearance of new products 
having chemical properties distinct from those of the original 
substances. This leads to some form of " chemical '* theory, and 
other results show that the change is atomic and not molecular. 

2(X). Theory of radio-active change. The processes occur- 
ring in the radio-elements are of a character quite distinct from any 
previously observed in chemistry. Although it has been shown 
that the radio-activity is due to the spontaneous and continuous 
production of new types of active matter, the laws which contnJ 
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I this production are different from the laws of ordinary chemical 
^reactions. It has not been found possible in any way to alter i 
■•either the rate at which the matter is produced or its rate of 
l.ohange when produced. Temperature, which is such an important 
I fector in altering the rate of chemical reactions, is, in these cases, 
Titirely without influence. In addition, no ordinary chemical 
iiange is known which is accompanied by the expulsion of charged 
^toms with great velocity. It has been suggestud by Armstrong 
md Iiowry' that radio-activity may be an exaggerated form of 
ifluorescence or phosphorescence with a very slow rate of decay. 
But no tbrm of phoaphorescence has yet been shown to be accom- 
panied by radiations of the character of those emitted by the 
radio-elements. Whatever hypothesis is put forward to explain 
radio-activity must account not only for the production of a series 
of active products, which differ in chemical and physical properties 
from each other and from the parent element, but also for the 
emission of rays of a special character. Besides this, it is necessary 
to account for the large amount of energy continuously radiated 
from the radio -elements. 

The radio-elements, besides their high atomic weights, do not 
possess in common any special chemical characteristics which differ- 
entiate them from the elements, which do not possess the property 
of radio-activity to an appreciable degree. Of all the known ele- 
ments, uranium, thorium, and radium possess the heaviest atomic 
iz.: radium 22.5, thorium 232-5, and uranium 240. 
If a high atomic weight is taken as evidence of a complicated 
Picture of the atom, it might be expected that disintegration 
3t occur more readily in heavy than in light atoms. At the 
i time, there is no reason to suppose that the elements of the 
highest atomic weight should be the most radio-active ; in fact, 
,im is far more active than uranium, although its atomic weight 
S6. This is seen to be the case also in the radio-active pro- 
s; for example, the radium emanation is enormoiisly more 
■e weight for weight than the radium itself, and there is 
Y reason to believe that the emanation has an atom lighter 
1 that of radium. 
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In order to explain the phenomena of radio-activity, Rutherford 
and Soddy have advanced the theory that the atoms of the radio- 
elements suffer spontaneous disintegration, and that each disinte- 
grated atom passes through a succession of well-marked changes, 
accompanied in most cases by the emission of a rays. 

A preliminary account of this hjrpothesis to explain special 
phenomena has already been given in sections 87 and 127. It 
will now be applied generally to the radio-elements, and the con- 
sequences, which follow from it, will be considered. It is supposed 
that, on an average, a definite small proportion of the atoms of each 
radio- element becomes unstable at a given time. As a result of 
this instability, an a particle is expelled with great velocity. The 
continuous expulsion of these a particles gives rise to the non- 
separable activity of the radio-elements, which has been shown to 
consist entirely of a rays (section 193). The expulsion of an 2 par- 
ticle, of mass about twice that of the hydrogen atom, leaves behind it 
a new system lighter than the original one, and possessing chemical 
and physical properties quite different from those of the original 
element. This new system again becomes unstable, and expels 
another a particle. The process of disintegration, once started, 
proceeds from stage to stage at a definite measurable rate in each 
case. At each stage, with the exception of one change in thorium 
and one in radium which are not accompanied by rays at all, one 
or more a particles are projected, until the last stages are reached, 
when the y8 and 7 rays appear. The term metabolon has been 
suggested as a convenient expression for each of these changing 
atoms, derived from the successive disintegration of the atoms of 
the radio-elements. Each metabolon, on an average, exists onlv 
for a limited time. In a collection of metabolons of the same kind 
the number iV, which are unchanged at a time t after production. 
is given by iV = NqB"^*' where Nq is the original number. Now 

dN 
, = — \N, or the fraction of the metabolons present, which change 

in unit time, is equal to X. The value 1/X may thus be taken as 
the average life of each metabolon. 

The various metabolons from the radio-elements are distin- 
guished from ordinary matter by their great instability and conse- 
quently rapid rate of change. Since a body which is radio-acti^'e 
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Ptnuat ipso facto be undergoing change, it follows that none of the 
active products, for example, the emanationa and Th X, can consist 
of any known kind of matter; for there is no evidence to show that 
inactive matter can be made radio-active, or that two forms of the 
same element can exist, one radio-active and the other not. For 
example, half of the matter constituting the radium emanation 
has undergone change after an interval of four days. After the 
lapse of about one month the emanation as such has nearly 
disappeared, having been transformed through several stages into 
other and more stable types of matter, which are in consequence 
difficult to detect by their radio-activity. 

The following table gives the list of the active products or 
metabolons known to result from the disintegration of the three 
radio-elements. In the second column is given the value of the 
radio-active constant X for each active product, i.e. the proportion 
of the active matter undergoing change per second ; in the third 
column, the time rrequired for the activity to fell to one-half, i.e. 
the time taken for half the active product to undergo change ; in 
the third column, the nature of the rays from each active product, 
not including the rays from the products which result from it ; in 
the fourth column, a few of the more marked physical and chemical 
properties of each metabolon. 

There are two well-marked changes in uranium, five in 
thorium, and six in radium. It is quite probable that a closer 
esamination of the active products may lead to the discovery of 
still further changes. For example, the evidence obtained by 
von Lerch (section 179) from the electrolysis of a solution of 
emanation X of thorium points to the conclusion that there is an 
additional change occurring in emanation X, for which the value 
of T is 3 or 4 hours. The experiments of Pegram (section 179) 
also suggest that another radio-active product, of which the value 
of T is about 3 minutes, is present in thorium. The change of 
thorium X into the emanation would have been difficult to detect 
if the product of the change had not been gaseous in character. 
Besides the changes mentioned above, it is thus quite possible 
that other and more rapid changes may be taking place which 
have not yet been detected 

It has been pointed out in section 188. th^t the fourth change j 
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in emanation X of radium may possibly be the radio-active cc 
stituent present in the polonium of Mme Curie or the radio-telJ 
rium of Marckwald. After the disintegrated radio-atoms ha 
undergone the succession of changes mentioned above, a fin 
stage will be reached where the atoms are either permanent 
stable or change so slowly that it is difficult to detect the 
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reaence by the property of radio-activity, CtmBequontly, thei-e 
will always be a reBidiial inactive product or products of the 
changes oocumng in each of the radio-elements. In addition, 
since the a particles, projected from the radio-elements, are 
I material in nature and are not radio-active, they niiiat also be 
jonsidered as a residual product. 

The value of t, which may be taken as a comparative measure 

I of the stability of the different mebabolons, varies over a very wide 

range. The thorium emanation is the most imstable of the meta- 

■jbotons, and (leaving out of account the fourth change in emanation 

'. of radium) uranium X the least unstable. The metabolons 

lOnatituting uranium X are about 30,000 times as stable as the 

aaetabolons constituting the thorium emanation. 

The only two metabolons of about the same stability are the 
metabolons constituting thorium X and the radium emanation. 
In each case the activity falls to half value in about four days. I 
consider that the approximate agreement of the numbers is a mere 
coincidence, and that the two types of matter sire quite distinct 
from one another; for, if the metabolons were identical, it would 
be expected that the changes which follow would take place in the 
same way and at the same rate, but such is not the case. More- 
over Th X and the radium emanation have chemical and physical 
properties quite distinct from one another. 



201. Production of bellum ftom radium and the radium 

emanation. Since the final products, resulting from a disinte- 
gration of the radio-eletnents, are not radio-active, they should in 
the course of geologic ages collect in some quantity, and should 
always be found associated with the radio-elements. Now the 
inactive products resulting from the radio-active changes are the a 
particles expelled at each stage, and the final inactive product or 
products which remain, when the process of disintegration can no 
longer be trace/i by the property of radio-activity. 

Pitchblende, in which the radio-elements are mostly found, 
contains in small quantity a large proportion of all the known 
elements. In searching for a possible disintegration product ^ 
common tn all the radio-elements, the presence of helium in the ^ , 
radio-active minerals is noteworthy; for helium is only found in 
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the radio-active minerals and is an invariable companion of the 
radio-elements. In addition the presence of a light, inert gas like 
helium in minerals had always been a matter of surprise. The 
production by radium and thorium of the radio-active emanations, 
which behaved like chemically inert gases of the helium-argon 
feimily, suggested the possibility that one of the final inactive 
products of the disintegration of the radio-elements might prove 
to be a chemically inert gas. The discovery later of the material 
nature of the a rays added weight to the suggestion; for the 
measurement of the ratio ejm of the a particle indicated that if 
the a particle consisted of any known kind of matter, it must either 
be hydrogen or helium. For these reasons, it was suggested in 
1902 by Rutherford and Soddy^ that helium might be a product 
of the disintegration of the radio-elements. 

Sir William Ramsay and Mr Soddy in 1903 undertook an in- 
vestigation of the radium emanation, with the purpose of seeing if 
it were possible to obtain any spectroscopic evidence of the presence 
of a new substance. First of all, they exposed the emanation to 
very drastic treatment (section 149), and confirmed and extended 
the results previously noted by Rutherford and Soddy that the 
emanation behaved like a chemically inert gas, and in this respect 
possessed properties analogous to the gases of the helium-argon 
group. 

On obtaining 30 milligrams of pure radium bromide (pre- 
pared about three months previously) Ramsay and Soddy* ex- 
amined the gases, liberated by solution of the radium bromide in 
water, for the presence of helium. A considerable quantity of 
hydrogen and oxygen was released by the solution (see section 
116). The hydrogen and oxygen were removed by passing the 
liberated gases over a red-hot spiral of partially oxidized copper- 
wire and the resulting water vapour by a phosphorous pentoxide 
tube. 

The gas was then passed into a small vacuum tube which was 
in connection with a small U tube. By placing the U tube in 
liquid air, most of the emanation present was condensed, and also 
most of the COg present in the gas. On examining the spectrum 

1 Phil. Mag. p. 682, 1902 ; pp. 453 and 679, 1903. 

2 Nature, July 16, p. 246, 1903. Proc, Roy, Soc. 72, p. 204, 1908. 
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if the gas in the vacuum tube the characteristic line D, of helium 
'as observed. 

This experiment was repeated with 30 milligrams of radiiiui 
bromide about four months old, lent for the purpoae by the writer. 
The emanation and COg were removed by passing them through a 
U tube immersed in liquid air. A practically complett! spectrum 
of helium was obsei-ved, including the lines of wave-length 6677, 
1876, 5016, 4972, 4713 and 4472. There were also present three 
,her lines of wave-length about 6180, 5695, 5455 which have not 
^et been identified. 

In later experiments the emaoation from 50 milligrams of the 
um bromide was conveyed with oxygen into a small U tube, 
«led in liquid air, in which the emanation was condensed. Fresh 
;ygen was added and the U tube again pumped out. The small 
icuum tube, connected with the U tube, showed at first no 
lelium lines when the liquid air was removed. The spectrum 
tbtained was a new one, and Ramsay and Soddy considered it 
be probably that of the emanation itself. After allowing the 
,tion tube to stand for four days, the helium spectrum appeared 
th all the characteristic lines, and in addition, three new lines 
iresent in the hehum obtained by solution of the radium. These 
Mults have since been confirmed. The experiments, which have 
id to such striking and important results, were by no means easy 
f performance, for the quantity of helium and of emanation released 
»m 50 mgrs. of radium bromide is extremely small. It was 
ecessary, in all cases, to remove almost completely the other gases, 
'hich were present in sufficient quantity to mask the spectrum of 
be substance under examination. The success of the experiments 
as been largely due to the application to the investigation of the 
afined methods of gas analysis, which had been previously employed 
y Sir William Ramsay with so much success in the separation of 
tie rare gases xenon and krypton, which exist in minute pro- 
ortions in the atmosphere. The fact that the helium spectrum 
'aa not present at first, but appeared after the emanation had 
jmained in the tube for some days, shows that the helium must 
ave been produced from the emanation. The emanation cannot 
e helium itself, for in the fii-st place, helium ia not radio-active, 
nd in the second place, the helium spectrum was not present 
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first, when the quantity of emanation in the tube was at its 
maximum. In addition, the diflFusion experiments, already dis- 
cussed, point to the conclusion that the emanation is of high 
molecular weight. There can thus be no doubt that the helium is 
derived from the emanation of radium in consequence of changes 
of some kind occurring in it. 

In order to explain the presence of helium in radium on ordi- 
nary chemical lines, it has been suggested that radium is not 
a true element, but a molecular compound of helium with some 
substance known or unknown. The helium compound gradually 
breaks down, giving rise to the helium observed. It is at once 
obvious that this postulated helium compound is of an entirely 
different character to any other compound previously observed 
in chemistry. Weight for weight, it emits during its change an 
amount of energy at least one million times greater than any 
molecular compound known (see section 205). In addition, it must 
be supposed that the rate of breaking up of the helium compound 
is independent of great ranges of temperature — a result never 
before observed in any molecular change. The helium compound 
in its breaking up must give rise to the peculiar radiations and 
also pass through the successive radio-active changes observed in 
radium. 

In order to explain the production of helium and radio-activity 
on this view, a unique kind of molecule must thus be postulated— 
a molecule, in fact, which is endowed with every single property 
which on the disintegration theory is ascribed to the atom of the 
radio-elements. On the other hand, radium as far as it has been 
examined, has fiilfilled every test required for an element. It has 
a well-marked and characteristic spectrum, and there is no reason 
to suppose that it is not an element in the ordinarily accepted 
sense of the term. 

On the theory that the radio-elements are undergoing atomic 
disintegration, the helium must either be considered to exist 
within the radium atom, or else to be formed from its constituent 
corpuscles during the process of disintegration. The theory that 
the heavy atoms are all built up of some simple fundamental 
unit of matter or protyle has been advanced at various times Iff 
many prominent chemists and physicists. Front's hypothesis. 



that all eleiiieiitw art- built up out of hydrogen, is an exaniplo of 
this point of view of regarding the subject. 

On the disintegration theory, the changes occurring in the 
radio-atoms involve an actual transformation of the atoms through 
successive changes. This change is so slow in uranium and thori iim 
that at least a million years would be required before the amount 
of change ia measurable by the balance. In radium it is a million 
times faster, but even in that case it ia doubtfiil whether any 
appreciable change would be observed by ordinary chemical methods 
for many years, if the possibility of such a change had not been 
suggested from other lines of research. 

202. Amount of helium flrom radium. The appt^arance of 
-helium in a tube containing the radium emanation may indicate 
■either that the helium ia one of the 6nal products, which appear 
HLt the end of the series of radio-active changes, or that the helium 
nb in reality the expelled a particle The evidence at present 
Ipoints to the latter as being the more probable explanation. In 
nhe first place, the emanation diffuses like a gas of heavy molecular 
fcreight, and it appears probable that, alter the expulsion of a few 
H particles, the atomic weight of the final product is comparable 
Hirith that of the emanation. On the other hand, the value of ejm 
■etermined for the projected a: particle points to the conclusion 
^piat, if it consists of any known kind of matter, it is either 
Bydrogen or helium. 

■ If the a particles, when released, can exist in the gaseous state, 
BD estimate can readily be made of the volume of the total number 
Hf particles liberated per year. It has been calculated that one 
Hram of jwlium expels about 10" a jwrticles per second. Since 
^piere are .3'6 x 10'* molecules in one cubic centimetre of any gas 
Kt standard pressure and temperature, the volume of the a particles 
Released per second from 1 gram of radium is 2'8 x 10~° c.c. and 
Ker year 90 cubic millimetres. 

Wf It has already been shown that the emanation released irom 
H gram of radiiim in a state of radio-active equilibrium ia probably 
Bbout 3 X 10"* c.c. Since the emanation passes through at least 
^Diree stages, each of which gives rise to a rays, the volume of the 
^f particles from the emanation, released from 1 gram of radium, is 
^Bxiut one cubic millimetre. __^_ 
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Ramsay and Soddy state that the amount of helium, present 
in the gases from radium, was very minute. Frona the ahove 
estimates, it can readily be shown that the amount of heUum 
liberated in the experiments described in section 201 was about 
05 cubic millimetres. If the a particles are helium, it is to be 
expected that the greater portion of the helium, which is produced 
in a tube containing the radium emanation, would be buried in 
the walls of the glass tube ; for the a particles are projected with 
sufficient velocity to penetrate some distance into the glass. 

203. Rate of change of the radio-elements. Since the 
atoms of the radio-elements themselves are continuously breaking 
up, they must also be considered to be metabolons, the only dif- 
ference between them and the metabolons such as the enoianations, 
Th X and others, being their comparatively great stability and con- 
sequent very slow rate of change. There is no evidence that the 
process of disintegration, traced above, is reversible, and, in the 
course of time, a quantity of radium, uranium or thorium, left 
to itself must gradually be transformed into inactive matter of 
diflPerent kinds. 

An approximate estimate of the rate of change of radio-elements 
can be deduced from the number of atoms breaking up per second. 
It has been calculated from several lines of evidence (section 104) 
that from 1 gram of radium about 10" a particles are expelled 
per second. The number for uranium and thorium is about 
7 X 10^ 

Now it has been shown that there are at least four rapid changes 
in radium, each of which gives rise to a rays. In the absence of 
evidence of the number of a particles expelled at each change, the 
assumption, which seems most probable, will be made, viz., that 
each metabolon expels only one a particle. Since there are four 
changes in radium, the number of atoms in one gram of radium 
breaking up per second is 2*5 x 10^®. Now it has been shown, from 
data based on experimental evidence, that one cubic centimetre of 
hydrogen, at standard pressure and temperature, contains about 
3*6 X 10^* molecules. Taking the atomic weight of radium as 225. 
there will be 1*8 x 10^^ atoms in 1 gram of radium. The fraction 
X of one gram of radium which changes is thus 1*4 x 10~" per 
second and 4*4 x 10""* per year. It thus follows that, in each gram 
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Rbf radium, about half a milligram disintegrates per year. Since 

the amount of radium which is unchanged will diminish according 

to an exponential law with the time, half of a given weight of 

radium will be transformed in about 1500 yeara. Only one jjer 

' cent, will remain unchanged after a lapse of about 10,000 years. 

liln a gram of uranium or thorium, where the change takes place 

I at about one-millionth the rate, about a million years would be 

I required before half a milligram would be changed. All but one 

I per cent, of the iiranium and thorium would be transformed in 

1 about 10'° years. 

This is the minimum estimate of the life of radio-elements on 
L the assumption that one a particle is expelled at each change. A 
laximum limit to the life of the radio -elements can be deduced 
fcy supposing that the radium is completely disintegrated into a 
larticles. Since the mass of the a particle is about twice that of 
Bie hydrogen atom there cannot be many more than 100 a particles 
duced from each atom of the radio- elements. The ma^-imum 
IBtimate of the life of radium is thus about 5'0 times greater 
1 the minimum estimatu. The minimum estimate is however 
robably nearer the truth ; for there is no evidence to show that 
! than one a particle is expelled at each change. The agree- 
ment between the calculated and experimental values of the 
mlume of the emanation (see section 197) is strong evidence in 
Hipport of the minimum estimate ; for in the calculation only one 
a particle was supposed to be expelled at each change. 

The changes in radium are thus fairly rapid, and a mass of 
radium if left to itself should in the course of a few thousand years 
have lost a large proportion of its radio-activity. Taking the 
•minimum estimate of the life of radium, the value of X is 4'4x 10~*, 
with a year as the unit of time. A mass of radium left to itself 
should thus be half transformed in 1500 years and only one- 
millionth part would remain after 30,000 years. Thus supposing, 
for illustration, that the earth was originally composed of pure 
radium, its activity per gram 30,000 years later would not be 
greater than the activity observed to-day in a good specimen of 
pitchblende. Even, taking the maximum estimate of the hfe of 
radium, the time required for the radium to practically disappear 
is short compared with the probable age of the earth. We are 



834 RADIO-ACTIVE PROCESSES [CH. 

thus forced to the conclusion that radium is being continuously 
produced in the earth, unless the very improbable assumption is 
made, that radium was in some way suddenly formed at a date 
recent in comparison with the age of the earth. It has been 
suggested that radium may be a disintegration product of one 
of the radio-elements found in pitchblende. Both uranium and 
thorium fulfil the conditions required in a possible source of 
production of radium. Both are present in pitchblende, have 
atomic weights greater than that of radium, and have rates of 
change which are slow compared with that of radium. In some 
respects, uranium filfils the conditions required better than thorium; 
for it has not been observed that minerals rich in thorium contain 
much radium, while on the other hand, the pitchblendes contain- 
ing the most radium contain a large proportion of uranium. 

If radium is not produced fi-om uranium, it is certainly a 
remarkable coincidence that the greatest activity of pitchblende 
yet observed is about five or six times that of uranium. Since 
radium has a life short compared with that of uranium, the 
amount of radium produced should reach a maximum value after 
a few thousand years, when the rate of production of fi-esh radium 
— which is also a measure of the rate of change of uranium — 
balances the rate of change of that product. In this respect the 
process would be exactly analogous to the production of the 
emanation by radium, with the difference that the radium changes 
much more slowly than the emanation. But since radium itself 
in its disintegration gives rise to at least four changes with the 
corresponding production of a rays, the activity due to the radium 
(measured by the a rays), when in a state of radio-active equili- 
brium with uranium, should be about four times that of the 
uranium that produces it ; for it has been shown that only one 
change has so far been observed in uranium in which a rays are 
expelled. Taking into account the presence of polonium and 
actinium in pitchblende, the activity in the best pitchblende is 
about the same as would be expected if the radium were a dis- 
integration product of uranium. If this hypothesis is correct, the 
amount of radium in any pitchblende shoulc^ be proportional to 
the amount of uranium present, provided the radium is not 
removed fi'om the mineral by percolating water. On the other 



■ hand it shniiid be noticed that while the greatest amount of 
Ijudium has bi^eii observed iD a pitchblende rich in uranium, some 
■jjitchblendes rich in uranium contain very little radium. 
I The general evidence, which has been advanced to show that 
fcadium must continually be produced from some other substance, 
Bipplies also to actinium, which has an activity of the same order 
^bf magnitude as that of radium. It is very remarkable that the 
^biree radio-active substances, radium, thorium and actinium, should 
^Bichibit such a close similarity in the succession of changes which 
Kccur in them. Each of them at one stage of its disintegration 
Hemits a radio-active gas, and in each case this gas is transformed 
^uito a solid which is deposited upon the surface of bodies. It 
B^ould appear that, after disintegration of an atom of any of these 
^nas once begim, there is a similar succession of changes, in which 
Khe resulting systems have allied chemical and physical properties. 
^Buch a coimection is of interest as indicating a possible origin 
Bf the recurrence of properties in the atoms of the elements, as 
fcxemplified by the periodic law, 

I 204. LoBi of weight of tlie radio-element. Since the 
feadio-elements are continuously throwing off a particles atomic 
Kn size, an active substance, enclosed in a vessel sufficiently thin to 
nilow the a particles to escape, must gradually lose in weight. 
Kl'hia loss of weight will be small under ordinary conditions, since 
nhe greater proportion of the a rays produced are absorbed in the 
noass of the substance. If a very thin layer of a radium compound 
BFere spread on a very thin sheet of substance, which did not 
appreciably absorb the a particles, a loss of weight due to the 
BXpulsion of a particles might be detectable. Since ejm = Q x 10* 
Kir the a particle, and e=l"l X lO"" electro -magnetic units, and 
HO" a particles are espeUed per second per gram of radium, the 
Kwrtiion of the mass expelled is I"8 x lO"" per second and 
H X 10~' per year. There is one condition, however, under which 
^ne radium should lose in weight fairly rapidly. If a current of 
^ur is slowly passed over a radium siolution, the emanation produced 
B'ould be removed as last as it was formed. Since the atom of 
Hie emanation has a mass probably not much smaller than the 
^pdium atom, the fraction of the mass remo:Yed per year should 
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be nearly equal to the fraction of the radium which changes per 
year, i,e. one gram of radium should diminish in weight half a 
milligram (section 203) per year on a maximum estimate and 
1/100 of a milligram on a minimum estimate. 

If it is supposed that the y8 particles have weight, th^ loss of 
weight due to their expulsion is very small compared with that 
due to the emission of a particles. Taking the estimate deduced 
from the observation of Wien (section 104), that 66 x 10* /3 particles 
are projected per second from 1 gram of radium bromide, the loss 
of weight would only be about 1*2 x 10~^® gram per year. 

Except under very special experimental conditions, it would 
thus be very difficult to detect the loss of weight of radium due to 
the expulsion of fi particles from its mass. There is, however, a 
possibility that radium might change in weight even though none 
of the radio-active products were allowed to escape. For example, 
if the view is taken that gravitation is the result of forces having 
their origin in the atom, it is possible that, if the atom were 
disintegrated, the weight of the parts might not be equal to that 
of the original atom. 

A large number of experiments have been made to see if 
radium preparations, kept in a sealed tube, alter in weight. With 
the small quantities of radium available to the experimenter, no 
difference of weight of radium preparations with time has yet 
been established with certainty. Heydweiller stated that he had 
observed a loss of weight of radium, and Dom also obtained a 
slight indication of change in weight. These results have not, 
however, been confirmed. Forch, later, was unable to observe any 
appreciable change. 

205. Total emission of energy from the radio-element 

It has been shown that 1 gram of radium emits energy at the 
rate of 100 gram-calories per hour or 876,000 gram-calories per 
year. If 1 gram of radium were set apart, its radio-activity and 
consequent heat emission at a time t is given by qe~^, where X i 
the constant of decay of activity of radium. Thus the total heat 

emission from 1 gram of radium is given by / qe"^ = ^ . 

Jo X 

Now on the minimum estimate of the life of radium, the value 
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f X is 44 X 10"*, and ou the maxiinum estimate 1'76 x 10^ when 
I year is taken as the unit of time. The total heat emission from 
I gram of radium during its life thus lies between 2 x lO* and 
£ X 10" grara-calories. The minimum estimate is probably nearer 
he truth than the masimum. The heat emitted in the union of 
ydrogen and oxygen to form 1 gram of water is about 4 x 10" 

m-calories, and in this reaction more heat is given out for 
qual weights than in any other chemical reaction known. It is 
bus seen that the total energy emitted from 1 gram of radium 
uring its changes is about one million times greater than that in- 
olved in any known molecular change. That matter is able, under 
pecial conditions, to emit an enormous amount of energy, is well 
semplified by the case of the radium emanation. The total heat 
mission from the emanation released from 1 gram of radium, 
nd from the secondary products, corresponds to about 10* 
a-calories, and this amoimt of heat is given out as a conse- 
uence of changes in a minute volume of gas. Taking the 
Btimate that the volume of the emanation is 3 x 10"' cubic 
entimetres at standard pressure and temperature, and its atomic 
reight about 200, it can be calculated that 1 gram of emanation 
ivea out during its life about 10' gram-calories. Quite inde- 
tendentty of any theory, a result of the same order of magnitude 
n be deduced from the experiments. 

Since the other radio-elements only differ from radium in the 
lownesB of their change, the total heat emission from uranium 
tid thorium must be of a similar high order of magnitude. There 
) thus reason to believe that an enormous store of latent energy 

resident in the atoms of the radio-elements. This store of 
nergy could not have been recognized if the atoms were not 
ndetgoing a slow process of disintegration. The energy emitted 
1 radio-active changes may thus be supposed to be derived from 
he internal energy of the atoms. The emission of this energy 

t not disobey the law of the conservation of energy, for it is 
nly necessary to suppose that, when the radio-active changes 
jave ceased, the energy stored up in the atoms of the final 

idncts is less than that in the original atoms of the radio- 

The difference between the energy originally pi 
' the matter^ which haa undergone the change, and the 
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inactive products which arise, is a measure of the total amount of 
energy released. 

There seems to be no reason to suppose that the atomic energy 
of all the elements is not of a similar high order of magnitude. 
With the exception of their high atomic weights, the radio- 
elements do not possess any special chemical characteristics which 
differentiate them from the inactive elements. The existence of 
a latent store of energy in the atoms is a necessary consequence 
of the modem view developed by J. J. Thomson, Larmor, and 
Lorentz, of regarding the atom as a complicated structure consisting 
of charged parts in rapid oscillatory or orbital motion in regard to 
one another. The energy may be partly kinetic and partly potential, 
but the mere arrangement of the charged particles, which probably 
constitute the atom, in itself implies a large store of internal 
atomic energy. 

It is not to be expected that the existence of this store of 
latent energy would have ordinarily manifested itself, since the 
atoms cannot be broken up into simpler forms by the physical or 
chemical agencies at our disposal. Its existence at once explains 
the failure of chemistry to transform the atoms, and also accounts 
for the independence of the rate of change of the radio-active 
processes of all external agencies. It has not so far been found 
possible to alter in any way the rate of emission of energy from 
the radio-elements. If it were ever found possible to control at 
will the rate of disintegration of the radio-elements, an enormous 
amount of energy could be obtained from a small quantity of 
matter. 

206. Possible causes of disintegration. In order to ex- 
plain the phenomena of radio-activity, it has been supposed that a 
certain small fraction of the radio-atoms undergoes disintegration 
per second, but no assumptions have been made as to the cause 
which produces the instability and consequent disintegration. 
The instability of the atoms may be supposed to be brought about 
either by the action of external forces or of forces inherent in the 
atoms themselves. It is conceivable, for example, that the appli- 
cation of some slight external force might cause instability and 
consequent disintegration, accompanied by the liberation of a large 
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l*mount of eoiTgy, on the same principle that a detonator is 

necessary to start some explosives. It has been shown that the 

aiber of atoms of any radio-active product which break up per 

F second is always proportional to the number present. This law 
of change does not throw any light on the question, for it would 
be expected equally on either hypothesis. It has not been found 
possible to alter thu rate of change of any product by the appli- 

L cation of any known physical or chemical forces, unless possibly it 
is assumed that the force of gravitation which is not under our 
c ontrol may influence in some way the stability of the mdio-atoms. 
It has been suggested by J. J, Thomson' that the rate of dis- 
ntegration of radium may be influenced by its own radiations. 
Phis, at first sight, appears very probable, for a small mass of pure 
adiuiu compound is subjected to an intense bombardment by the 
adiations arising from it, and the radiations are of such a character 
liat they might be expected to produce a breaking up of the 
M)me of matter which they traverse. If this is the case the 
idio-activity of a given quantity of radium should be a function 
f ita concentration, and should be greater in the solid state than 
rhen disseminated through a large mass of matter. 

I have recently tried an experiment to see if this were the 
ase. Two glass tubes were taken, in one of which was placed a 
few milligrams of pure radium bromide in a state of radio-active 
iquilibrium, and in the other a solution of barium chloride. The 
(WO tubes were connected near the top by a short cross tube and 
be open ends sealed off. The activity of the radium in the solid 
bate was tested immediately after its introduction by placing it 
1 a definite position near an electroscope made of thin raetal of 
he type shown in Fig. 11. The increased rate of discharge of the 
lectroscope was observed. This rate of discharge was due to the 
t and 7 rays from the radium. By placing a lead plate 6 mras. 
D thickness between the radium and the electroscope, the rate of 
IJBcharge observed was then due to the 7 rays alone. Ey slightly 
ilting the apparatus, the barium solution flowed into the radium 
Bbe and dissolved the radium. The tube was well shaken so as 
a distribute the radium uniformly throughout the solution. No 
ppreciable change of the activity measured bv the 7 rays ^ 
' N-itare, April 30, p, SOI, 1903. 
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observed over the period of one month. The activity measured 
by the ^ and 7 rays was somewhat reducied, but this was not due 
to a decrease of the radio-activity, but to an increased absorption 
of the /8 rays in their passage through the solution. The volume 
of the solution was at least 1000 times greater than that of the 
solid radium bromide, and, in consequence, the radium was sub- 
jected to the action of a much weaker radiation. I think we may 
conclude from this experiment that the radiations emitted by 
radium have little if any influence in causing the disintegration 
of the radium atoms. 

This result is in general agreement with other observations; 
for it has not been observed that the decay of activity of any 
product is influenced by the degree of concentration of that 
product. 

It thus seems likely that the cause of the disruption of the 
atoms of the radio-elements and their products is resident in the 
atoms themselves. According to the modem views of the consti- 
tution of the atom, it is not so much a matter of surprise that 
some atoms disintegrate as that the atoms of the elements are so 
permanent as they appear to be. In accordance with the h3rpothesis 
of J. J. Thomson, it may be supposed that the atoms consist of a 
number of small positively and negatively charged particles in 
rapid internal movement, and held in equilibrium by their mutual 
forces. In a complex atom, where the possible variations in the 
relative motion of the parts are very great, the atom may arrive 
at such a phase that one part acquires sufficient kinetic enei^ 
to escape from the system, or that the constraining forces are 
momentarily neutralised, so that the part escapes from the system 
with the velocity possessed by it at the instant of its release. 

Sir Oliver Lodge ^ has advanced the view that the instability of 
the atom may be a result of radiation of energy by the atom. Larmor 
has shown that an electron, subject to acceleration, radiates energy 
at a rate proportional to the square of its acceleration. An electron 
moving uniformly in a straight line does not radiate energy, but 
an electron, constrained to move in a circular orbit with constant 
velocity, is a powerful radiator, for in such a case the electron is 
continuously accelerated towards the centre. Lodge considered 

^ Lodge, Nature, June 11, p. 129, 1903. 
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the simple case of a negatively charged electron revoliTng round 
an atom of masa relatively large b\it having an equal positive 
charge and held in equilibriuui by electrical forces. This system 
"will radiate energy, and since the radiation of energy is equivalent 
to motion in a resisting medium, the particle tends to move 
towards the centre, and its speed consequently increases. The 
rate of radiation of energy will increase rapidly with the speed 
'of the electron. When the speed of the electron becomes very 
nearly equal to the velocity of hght, according to Lodge, another 
effect supervenes. It has been shown (section 76) that the 
apparent mass of an electron increases very rapidly as the speed 
of light is approached, and is theoretically infinite at the speed 
of light. There will be at this stage a sudden increa.se of the 
mass of the revolving atom and, on the supposition that this stage 
can be reached, a consequent disturbance of the balance of forces 
holding the system together. Lodge considers it probable that, 
under these conditions, the parts of the system will break asunder 
and escape from the sphere of one another's influence. 

It seems probable that the primary cause of the disintegration 
of the atom must be looked for in the loss of energy of the atomic 
Bystera due to electro-magnetic radiation, Larmor' has shown 
that the condition to be fulfilled in order that a system of rapidly 
moving electrons may persist without loss of energy is that the 
Tector sum of the accelerations towards the centre should be 
|)ermanently null. While a single electron moving in a circular 
orbit is a powerful radiator of energy, it is remarkable how rapidly 
fche radiation of energy diminishes if several electrons are revolv- 
ing in a 'ring. This has recently been shown by J. J. Thomson*, 
■who examined mathematically the case of a system of negatively 
electrified corpuscles, situated at equal intervals round the circum- 
s of a circle, and rotating in one plane with uniform velocity 
tound its centre. For example, he found that the radiation from 
a group of six particles moving with a velocity of ^ of the velocity 
af light is less than one-millionth part of the radiation fi^m a 
^gle particle describing the same orbit with the same velocity, 
ffhen the velocity is j^g of that of light the amount of radiation 
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is only 10~^ of that of the single particle moving with the same 
velocity in the same orbit. 

Results of this kind indicate that an atom consistiiig of a large 
number of revolving electrons may radiate energy extremely slowly, 
and yet, finally, this minute but continuous drain of energy fix)m 
the atom must result either in a rearrangement of its component 
parts into a new system, or of an expulsion of electrons or groups 
of electrons firom the atom. 

A suggestion, due to J. J. Thomson \ of a possible mechanism 
to accoimt for the expulsion from the radio-atoms of an a particle, 
i.e. of a connected group of electrons, has recently been explained 
by Whetham* as follows : — " The sub-atomic corpuscles, when their 
velocity is changing, must radiate ethereal waves. Their energy 
is thus gradually diminished ; and systems of revolving corpuscles, 
permanent while moving fast, may become unstable. As a simple 
example, six bodies at the comers of a plane hexagon under the 
influence of mutual forces may continue, while their velocity 
exceeds a certain limit, to revolve about a central point while 
keeping their relative positions. When there is no motion, how- 
ever, this arrangement is impossible, and the six bodies must place 
themselves, five at the comers of a pentagon and one at the centre. 
Thus, as the velocity falls to a certain value, a sudden and ex- 
plosive rearrangement occurs, during which, in the complex 
system constituting an atom, the ejection of parts of the system 
becomes possible." 

207. Radio-activity and the heat of the sun and earth. 

It was pointed out by Mr Soddy and the writer* i,ha.t the 
maintenance of the sun's heat for long intervals of time did not 
present any fundamental difficulty if a process of disintegration, 
such as occurs in the radio-elements, were supposed to be taking 
place in the sun. In a letter to Nature (July 9, 1903) W. E. 
Wilson showed that the presence of 3*6 grams of radium in each 
cubic metre of the sun's mass was sufficient to account for the 
present rate of emission of energy by the sun. This calculation 
was based on the estimate of Curie and Laborde, that one gram 

1 Prof. Thomson's paper has just appeared. Phil, Mag. March, 1904. 
« Quarterly Review, p. 123, Jan. 1904. « PhU, Mag. May, 1903. 



of radium emite 100 gnun-caloiit'S per hour, and on the ubserva- 
tion of Langley that tiach square centimetre of the sun's surface 
emits 828 x 10* gram-calories per hour. Since the average density 
of the sun is I'44. the presence of radium in the sun, to the 
extent of 2a parts by weight in a million, would account for its 
present rate of emission of energy. 

An examination of the spectrum of the sun has not so far 
i^vealed any of the radium lines. It is known, however, from 
spectroscopic evidence that helium is present, and this indirectly 
Buggests the existence of radio-active matter also. It can readily 
be shown' that the absence of penetrating rays from the son at 
the surfece of the earth does not imply that the radio-elements 
are not present in the sun. Even if the sim were composed of 
pure radiiun, it would hardly be expected that the y rays emitted 
would be appreciable at the surface of the earth, since the rays 
would be almost completely absorbed in passing through the 
atmosphere, which corresponds to a thickness of 76 centimetres of 
teercury. 

In the Appendix E of Thomson and Tait's yatural Philosophy, 
liord Kelvin has calculated the energy lost in the concentration of 
the sun froni a condition of infinite dispersion, and concludes th.at 
it seems " on the whole probable that the sun has not illuminated 
the earth for 100,000,000 years and almost certain that he has not 
Aone BO for 500,000,000 yeare. As for the future we may say, with 
equal certainty, that inhabitants of the earth cannot continue to 
mjoy the light and heat essential to their life for many million 
jrears longer, unle^ss sources now unknown to us are prepared in 
llhe great storehouses of creation." 

The discovery that a small mass of a substance like radium 
n emit spontaneously an enormous quantity of heat renders 
it possible that this estimate of the age of the sun's heat 
Siay be much increased. In a letter to Nitture (Sept. 24, 1903) 
U. H. Darwin drew attention to this probability, and stated that, 
s* The lost energy of the sun, supposed to be a homogeneous sphere 
of mass Jf and radius u, is ^fiM^/a where fi is the constant of 
gravitation. On introducing numerical values for the symbols in 
this fomiiila, I tiud the lost energy to be 27 x 10' M calories where 
' See Strntt knd Jul;, ^'alure, Oct. 15, 1S1)3. 



344 RADIO-ACTIVE PROCESSES [CH. 

M is expressed in grams. If we adopt Langley's value of the solar 
constant, this heat suffices to give a supply for 12 million years. 
Lord Kelvin used Pouillet*s value for that constant, but if he had 
been able to use Langley's, his 100 million would have been 
reduced to 60 million. The discrepancy between my results of 
12 million and his of 60 million is explained by a conjectural 
augmentation of the lost energy to allow for the concentration 
of the solar mass towards its central parts." Now it has been 
shown (section 205) that one gram of radium emits during its 
life an amount of heat which probably lies between 2 x 10* and 
5 X 10^° gram-calories. It has also been pointed out that there is 
every reason to suppose that a similar amount of energy is resident 
in the chemical atoms of the inactive elements. It is not impro- 
bable that, at the enormous temperature of the sun, the breaking 
up of the elements into simpler forms may be taking place at 
a more rapid rate than on the earth. If the energy resident 
in the atoms of the elements is thus available, the time during 
which the sun may continue to emit heat at the present rate may 
be from 50 to 500 times longer than was computed by Lord Kelvin 
from dynamical data. 

Similar considerations apply to the question of the probable 
age of the earth. A full discussion of the probable age of the 
earth, computed from its secular cooling from a molten mass, is 
given by Lord Kelvin in Appendix D of Thomson and Tait s Natural 
Philosophy, He has there shown that about 100 million years 
after the earth was a molten mass, the gradual cooling due to 
radiation from its surface would account for the average tempera- 
ture gradient of 1/50° F. per foot, observed to-day near the earth's 
surface. 

Some considerations will now be discussed which point to the 
probability that the present temperature gradient observed in the 
earth cannot be used as a guide to estimate the length of time 
that has elapsed since the earth has been at a temperature capable 
of supporting animal and vegetable life ; for it will be shown that 
probably there is sufficient radio-active matter on the earth to 
supply as much heat to the earth as is lost by radiation from its 
surface. Taking the average conductivity K of the materials of 
the earth as 004 (c.G.s. units) and the temperature gradient T near 
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the Rurface as '00037° C. per cm., the heat Q in gram -calories 
conducted to the surface of the earth per seuond is given by 

where R is the radius of the earth. 

Let X be the average amount of heat liberated per secund per 
cubic ceutimetre of the earth's volume owing to the presence of i 
radio-active matter. If the heat Q radiated from the earth is 
equal to the heat supplied by the radio-active matter on the 
earth, 

X.iTrR'^^TrR'KT 

Substituting the values of these constants, 

X = 7 X 10~" gram-calorie per second 
K =22 X 10~' gram-calorie per year, 

H Since 1 gram of radium emits 864,000 gram-calories per year, 
H^e presence of 2*6 x 10~" gram of radium per unit volume or 
H|i'6 X 10""" gram per unit mass, would compensate for the heat lost 
Kutn the earth by conduction. 

H Now it will be shown in the following chapter that radio-active 
^matter seems to be distributed fairly uniformly through the earth 
Knd atmosphere. In addition it has been found that all substances 
Kre radio-active to a feeble degree, although it is not yet settled 
Hrhether this radio-activity may not be due mainly to the presence 
^n a radio-element as an impurity. For example, Strutt* observed 
^biat a platinum plate was about 1/3000 as active as a crystal of 
^banium nitrate, or about 2 x 10~"* as active as radium. This cor- 
Hesponds to a far greater activity than is necessary to compensate 
Rbr the loss of heat of the earth, A more accurate deduction, 
[however, can be made from data of the i-adio-activity exhibited by 
Huatter dug out from the earth. Elster and Geitel" filled a dish of 
■tolume 33 x 10" c.c. with clay dug up from the garden, and placed 
H^ in a vessel of 30 litres capacity in which was placed an electro- 

B > Strutt, Phil. Man- June, 190». 

H ' Elater and Geilcl, Phj: Zfit. i. No. 19, p. -133, 1H03. Chtm. Krici, Jnlj 17, 

K 30, \Wi. 
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scope to determine the conductivity of the enclosed ga& After 
standing for several days, he found that the conductivity of the air 
reached a constant maximum value, corresponding to three times 
the normal. It will be shown later (section 218) that the ixormal 
conductivity observed in sealed vessels corresponds to the produc- 
tion of about 30 ions per c.c. per second. The number of ions 
produced per second ih the vessel by the radio-active earth was 
thus about 2 x 10*. This would give a saturation current through 
the gas of 2*2 x 10~" electro-magnetic units. Now the emanation 
from 1 gram of radium stored in a metal cylinder gives a satura- 
tion current of about 3*2 x 10~* electro-magnetic units. Elster and 
Geitel considered that most of the conductivity observed in the 
gas was due to a radio-active emanation, which gradually diffused 
from the clay into the air in the vessel. The increased conduc- 
tivity in the gas observed by Elster and Geitel would thus be 
produced by the emanation from 7 x 10~^" gram of radium. 
Taking the density of clay as 2, this corresponds to about 10"" 
gram of radium per gram of clay. But it has been shown that if 
4*6 X 10""" gram of radium was present in each gram of earth, the 
heat emitted would compensate for the loss of heat of the earth by 
conduction and radiation. The amount of activity observed in the 
earth is thus about the right order of magnitude to account for the 
heat emission required. In the above estimate, the presence of 
uranium and thorium minerals in the earth has not been con- 
sidered. In addition, it is probable that the total amount of radio- 
activity in clay was considerably greater than that calculated, for it 
is likely that other radio-active matter was present which did not 
give off an emanation. 

I think we may conclude that the present rate of loss of heat 
of the earth might have continued unchanged for long periods of 
time in consequence of the supply of heat from radio-active matter 
in the earth. It thus seems probable that the earth may have 
remained for very long intervals of time at a temperature not veij 
different from that observed to-day, and that in consequence the 
time during which the earth has been at a temperature capable of 
supporting the presence of animal and vegetable life may be veiy 
much longer than the estimate made by Lord Kelvin from other 
data. 
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208. Evolution of matter. Although the hypothesis that 
all matter is composed of aoiiie elementary unit of naatter or pro- 
lyle has been advanced as a speculation at various times by many 
Lnent physicists and chemists, the first definite experimental 
Ividonce showing that the chemical atom was not the smalltsat 
lit of matter was obtained in 1897 by J. J. Thomson in his claaaic 
ssearch on tho nature of the cathode rays produced by an electric 
lischarge ina vacuum tube. Sir WilliamCrookes,who was thefii-at 
a demonstrate the remarkable properties of these rays, had sug- 
[eated that they consisted of streams of projected chained matter 
md represented — -as he termed it — a new or "fourth state of matter." 
J. J. Thomson showed by two distinct methods that the cathode 
ftja consisted of a stream of negatively charged particles projected 
rith great velocity. The particles behaved as if their mass was 
mly about 1/1000 of the mass of the atom of hydrogen, which is 
he lightest atom known. These corpuscles, as they were termed by 
Thomson, were found at a later date to be produced from a glowing 
carbon filament and from a zinc plate exposed to the action of 
iltra-violet light. They acted aa isolated imits of negative elec- 
ricity, and, as we have seen, may be identified with the electrons 
fcudied mathematically by Larmor and Lorentz. Not only were 
beee electrons produced by the action of light, heat, and the 
ectric discharge, but they were also found to be spontaneously 
nitted from the radio-elements with a velocity faj- greater than 
tat observed for the electrons in a vacuum tube. 
The electrons produced in these different ways were all found to 
! a negative charge and to be apparently identical; for the 
atio ejm of the charge of the electron to its mass was in all cases 
; within the limit of experimental errors. Since elec- 
rons, produced from different kinds of matter and under different 
onditions, were in all cases identical, it seemed probable that they 
ere a constituent part of all matter. J. J. Thomson suggested 
lat the atom is built up of a number of these negatively charged 
sctrons combined in some way with corresponding positively 
barged bodies. 

On this view the atoms of the chemical elements differ from 
Oe another only in the number and arrangement of the component 
llectntns. 
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The removal of an electron from the atom does not appear to 
permanently affect the stability of the system, for no evidence has 
so far been obtained to show that the passage of an intense electric 
discharge through a gas results in a permanent alteration of the 
structure of the atom. On the other hand, in the case of the 
radio-active bodies, a positively charged particle of mass about 
twice that of the hydrogen atom escapes from the heavy radio- 
atom. This appears to result at once in a permanent alteration of 
the atom, and causes a marked change in its physical and chemical 
properties. In addition there is no evidence that the process is 
reversible. 

The only direct experimental evidence of the transformation 
of matter has been derived from a study of the radio-active 
bodies. If the disintegration theory, advanced to account for the 
phenomena of radio-activity, is correct in the main essentials, then 
the radio-elements are undergoing a spontaneous and continu- 
ous process of transformation into other and different kinds rf 
matter. The rate of transformation is slow in uranium and thorium, 
but is fairly rapid in radium. It has been shown that the fraction 
of a mass of radium which is transformed per year lies between 
1/2000 and 1/10000 of the total amount present. In the case of 
uranium and thorium probably a million years would be required 
to produce a similar amount of change. The process of trans- 
formation in uranium and thorium is thus far too slow to be 
detected within a reasonable time by the use of the balance or 
spectroscope, but the radiations which accompany the transforma- 
tion can readily be detected. Although the process of change is 
slow it is continuous, and in the course of ages the uranium aod 
thorium present in the earth must be transformed into other and 
simpler types of matter. 

Those who have considered the possibility of atoms undergoing 
a process of transformation, have generally thought that the 
matter as a whole would undergo a progressive change, with » 
gradual alteration of physical and chemical properties of the whole 
mass of substance. On the theory of disintegration this is not thf 
case. Only a minute fraction of the matter present breaks up ii 
unit time, and in each of the succession of stages through whkk 
the disintegrated atoms pass, there is in most cases a mariDed 
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Iteration in the cheniic4il and physical properties of the niutter. 
fhe transformation of the radio-elements is thus a transformation 
F a part per saltitm, and not a progressive change of the whole. 
A any time after the process of transformation has been in 
rogress there will thus remain a part of the matter which is 
nchanged, and, mised with it, the products which have resulted 
■om the transformation of the remainder. 

The question naturally arises whether the process of degrada- 
(on of matter is confined to the radio-elements or is a universal 
roperty of matter. It will be shown in chapter XI. that all 
latter, so far examined, exhibits the property of radio-activity to 

slight degree. It still remains to be shown, however, that the 
baerved radio-activity is not due to the presence in the matter of 

slight trace of a radio-element. If ordinary matter is radio- 
ctive, it is certain that its activity is not greater than that of 
lium. and consequently that its rate of transformation must 
I excessively slow. There is, however, another possibility to be 
onsidered. The changes occurring in the radio-elements would 
mbably never have been detected if the change had not been 
icompanied by the expulsion of charged particles with great 
Elocity. It does not seem unlikely that an atom may undergo 
isintegration without projecting a part of its system with great 
elocity. In fact, we have seen that, even in the radio-elements, 
ae of the series of changes in both thorium and radium is unac- 
jmpanied by ionizing raj^. It may thus be possible that all 
latter is undergoing a slow process of transformation, which has 
J far only been detected in the radio- elements on account of the 
Kpulsion of charged particles during the change. This process of 
idation of matter continuing for ages must reduce the con- 
tituents of the earth to the simpler and more stable forms of 
latter. 

The idea that helium is a transformation product of radium, 

ggests the probability that helium is one of the more elementary 
ijibetances of which the heavier atums are composed. Sir Norman 

jckyer, in his interesting book on "Inorganic Evolution," has 
ointed out that the spectrum uf helium and of hydrogen pre- 
^^dominates in the hottest stars. In the cooler stars the more 
^'complex types of matter appear. Sir Norman Loekyer has based 
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his theory of evolution of matter on evidence of a spectroscopic 
examination of the stars, and considers that temperature is the 
main factor in breaking up matter into its simpler forms. The 
transformation of matter occurring in the radio-elements is on the 
other hand spontaneous, and independent of temperature over the 
range examined. 




CHAPTER XI. 



RADIO- ACTIVITY OF THE ATMOSPHERE AND OF 
ORDINARY MATERIALS. 

!}9. Radio-activity of the atmosphere. The esperiiuents 
f Geitel' and C. T. R. Wilson' in 1 900 had shown that a positively 
r negatively charged conductor placed inaide a closed vessel gradii- 
»lly lost its charge. This Iobb of charge was shown to be due to a 
small ionization of the air inside the vessel. In addition, Elster 
and Geitel had found that a charged body exposed in the open 
■ lost its charge rapidly, and that the rate of discharge was 
dependent on the locality and on atmospheric conditions. A more 
letailed description and discussion of these results will be given 
[&ter in section 218. 

In the course of these experiments Geitel had observed that 
the rate of discharge increased slightly for some time after the 
vessel had been closed. He considered that this might possibly 
be due to the existence of some radio-active substances in the air, 
which produced excited activity in the walls of the vessel and so 
increased the rate of dissipation of the charge. In 1901 Elster 
Bnd Geitel" tried the bold experiment of seeing if it were possible 
bo extract a radio-active substance from the air. The experiments 
f the writer had shown that the excited radio-activity from the 
Siorium emanation could be concentrated on the negative electrode 
a a strong electric field. This result indicated that the carriers 
tf the radio-activity had a positive charge of electricity. Elster 
nd Geitel therefore tried an experiment to see if positively charged 

' Phyl. Zfil. 2. p. IIU, 1900. 

» Pi™. Camb. Fhit. Soe. 11, p. 32, 1900. Ptoc. Rog. Sue. 6S, p. 151, IfWl. 

» Phyi. Zeil. 2, p. 590, 1901. 
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carriers, possessing a similar property, were present in the atmo- 
sphere. For this purpose a cylinder of wire-netting, charged nega- 
tively to 600 volts, was exposed for several hours in the open air. 
This was then removed and quickly placed in a large bell-jar, inside 
which was placed an electroscope to detect the rate of discharge. 
They found that the rate of discharge was increased to a slight 
extent. In order to multiply the effect, a wire of about 20 metres 
long was exposed at some height from the ground, and was kept 
charged to a high potential by connecting it to the negative 
terminal of an influence machine. After exposure for some hours, 
this wire was removed and placed inside the dissipation vessel 
The rate of discharge was found to be increased many times by the 
presence of the wire. No increase was observed if the wire had 
been charged positively instead of negatively. The results also 
showed that the radio-active matter could be removed from the 
wire in the same way as from a wire made active by exposure in the 
presence of the thorium emanation. A piece of leather moistened 
with ammonia was rubbed over the active wire. On testing the 
leather it was found to be strongly radio-active. If a long wire 
were used, the amount of activity obtained on the leather was 
comparable to that possessed by a gram of uranium oxide. 

The activity produced on the wire was not permanent, but 
disappeared to a large extent in the course of a few hours. The 
amount of activity produced on a wire of given size, exposed under 
similar conditions, was independent of the material of the wire. 
Lead, iron and copper wires gave about equal effects. 

The amount of activity obtained was greatly increased by ex- 
posing a negatively charged wire in a mass of air which had been 
undisturbed for a long time. Experiments were made in the great 
cave of Wolfenbiittel, and a very large amount of activity was 
observed. By transferring the activity to a piece of leather it 
was found ^ that the rays could appreciably light up a screen of 
barium platinocyanide in the dark. The rays also darkened a 
photographic plate through a piece of aluminium 0*1 mm. in 
thickness. 

These remarkable experiments show that the excited radio- 
activity obtained from the atmosphere is very similar in character 

^ PKys. Zeit. S, p. 76, 1901. 
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to the excited activity produced by the emanations of radium and 
thorium. No investigators have contributed more to our know- 
ledge of the radio-activity and ionization of the atmosphere than 
Elster and Geitel, The experiments here described have been the 
starting-point of a series of roaearchea by Elster and Geitel and 
others on the radio-active properties of the atmosphere which have 
led to a great extension of our knowledge of that important subject. 
Rutherford and Allan' deternained the rate of decay of the 
excited activity produced on a negatively charged wire exposed in 
the open air. A wire about 16 noetres long was exposed in the 
open air, and kept charged by an influence machine to a potential 
of about - 10000 volts. An hour's exposure was sufficient to obtain 
a large amount of excited activity on the wire. The wire was 
then rapidly removed and wound on a framework which formed 
the central electrode in a large cylindrical metal vessel. The 
ionization current for a saturation voltage was measured by 
means of a sensitive Dolezaiek electrometer. The currant, which 
is a measure of the activity of the wire, was found to diminish 
according to an exponential law with the time, felling to half value 
in about 45 minutes. The rate of decay was independent of the 
luatenal of the wire, of the time of exposure, and of the potential 
of the wire. 

An examination was also made of the nature of the rays emitted 

by the radio-active wire. For this purpose a lead wire was made 

radio-active in the manner described, and then rapidly wound into 

the form of a flat spiral. The penetrating power of the rays was 

tested in a vessel similar to that shown in Fig. 16. Most of the 

• ionization wa« found to be due to some very easily absorbed rays, 

I'which were of a slightly more penetrating character than the a 

l«iyB emitted from a wire made active by the radium or thorium 

■emanations. The intensity of the rays was cut down to half value 

Hby about O'OOl cm. of aluminium. The photographic action ob- 

B|Berved by Elster and Geitel through 0"! mm. of aluminium showed 

^teiat some penetrating rays were also present. This was afterwards 

^■onflrmed by Allan, using the electric method. These penetrating 

^Kays are probably similar in character to the ^ rays from the 

^Kadio- elements, 

H I Phil. Ma„. Dec. 11)02. 
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210. The excited activity produced on the negatively charged 
wire cannot be due to an action of the strong electric field on the 
surface of the wire ; for very little excited activity is produced if 
the wire is charged to the same potential inside a closed cylinder. 

We have seen that the excited activity produced on the wire 
can be partially removed by rubbing, and by solution in acids, and, 
in this respect, it is similar to the excited activity produced in 
bodies by the emanations of radium and thorium. The very close 
similarity of the excited activity obtained from the atmosphere 
to that obtained from the radium and thorium emanations sug- 
gests the probability that a radio-active emanation exists in the 
atmosphere. This view is confirmed by a large amount of indirect 
evidence discussed in sections 212 and 213. 

Assuming the presence of a radio-active emanation in the 
atmosphere, the radio-active eflects observed receive a simple 
explanation. The emanation in the air gradually breaks up, 
giving rise in some way to positively charged radio-active carriers. 
These are driven to the negative electrode in the electric field, 
and there undergo a further change, giving rise to the radiations 
observed at the surface of the wire. The matter which causes 
excited activity will thus be analogous to the emanation X of 
radium and thorium. 

Since the earth is negatively electrified with regard to the 
upper atmosphere, these positive radio-active carriers produced in 
the air are continuously deposited on the surface of the earth. 
Everything on the surface of the earth, including the extemiJ 
surface of buildings, the grass, and leaves of trees, must be covered 
with an invisible deposit of radio-active material. A hill or 
mountain peak, or any high mass of rock or land, concentrates the 
earth's electric field at that point and consequently will receive 
more excited radio-activity per unit area than the plain. Ekter 
and Geitel have pointed out that the greater ionization of the air 
observed in the neighbourhood of projecting peaks receives » 
satisfactory explanation on this view. 

If the radio-active carriers are produced at a uniform rate in 
the atmosphere, the amount of excited activity /j, produced on 
a wire exposed under given conditions, will, after .exposure for » 
time ty be given by It = /o (1 — e~^) where /© is the maximum 
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ctivity on the wire and X is the constant of decay of the excited 
ctivity. Since the activity of a wire after removal falis to half 
ralue in about 45 minutes, the value of X is 0'92 with one hour as 
he unit of time. Some experimemtB made by Allan are in rough 
;reement with the above equation. Accurate comparative resulta 
e difficult to obtain on account of the inconstancy of the radio- 
ctivity of the open air. After an exposure of a wire for several 
ours, the activity reached a practical maximum, and was not 
luch increased by continued exposure, 

A wire charged to a high potential in the open air abstracts 
he positive radio-active eairiera from a large volume of air. Very 
Ittle excited activity, in com[>ari8on. is produced in a closed vessel 
IT by drawing a rapid current of the outside air through a cylinder 
1 the centre of which a negatively charged rod is placed. In one 
ixperiment a current of air of &00 cms. per second was drawn 
gh a cylinder of 141 Ktres capacity. The amount of activity 
Toduced on the negative electrotis was only a few per cent, of the 
mount observed on the same electrode charged to the same 
potential in the open air. 

The amount of excited activity produced on a wire, supported 
ome distance from the surface of the earth, should increase steadily 
rith the voltage, for the greater the potential, the greater the 
olume of air from which the radio-active carriers are abstracted. 

The presence of radio-active matter in the atmosphere will 
jcount for a portion of the ionization of the air observed near 
le earth. It aeems unKkely, however, that the whole of the 
jnization observed in the air is due to this cause alone. 

211. Kadio-actlTtty of fire«hly fUlen rain and snow. 

, T. R. Wilson' tried experiments to see if any of the radio- 
itive matenal from the air was carried down by I'ain. For this 
irpose a quantity of freshly fallen rain was collected, rapidly 
'aporated to dryness in a platinum vessel, and the activity of the 
sidue tested by placing the vessel in an electroscope. In all 
sea, the rate of discharge of the electroscope was considerably 
creaaed. From about 50 c.c. of r;iin water, an amount of activity 
'as obtained sufficient to increase the rate of discharge of the 
' Froc. Camb. Phil. Soc, 11, Pt. vi. p. 429, 1U02. 
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electroscope four or five times, after the rays had traversed a thin 
layer of aluminium or gold leaf. The activity disappeared in the 
course of a few hours, falling to half value in about 30 minutes. 
Rain water, which had stood for some hours, showed no trace of 
activity. Tap water, when evaporated, left no active residue. 

The amounts of activity obtained from a given quantity of rain 
water were all of the same order of magnitude, whether the rain 
was precipitated in fine or in large drops, by night or by day, or 
whether the rain was tested at the beginning or at the end of a 
heavy rainfall lasting several hours. 

The activity obtained from rain is not destroyed by heating 
the platinum vessel to a red heat. In this and other respects it 
resembles the excited activity obtained on negatively charged 
wires exposed in the open air. 

C. T. R. Wilson* obtained a radio-active precipitate from rain 
water by adding a little barium chloride and precipitating the 
barium with sulphuric acid. An active precipitate was also 
obtained if alum was added to the water, and the aluminium 
precipitated by ammonia. The precipitates obtained in this way 
showed a large activity. The filtrate when boiled down was quite 
inactive, showing that the active matter had been completely 
removed by precipitation. The production of active precipitates 
from rain water is quite analogous to the production of active 
precipitates from a solution containing the emanation X of thorium 
(see section 178). 

The radio-activity of freshly fallen snow was independently ob- 
served by C. T. R. Wilson^ in England, and Allan* and McLennan* 
in Canada. In order to obtain a large amount of activity, the 
surfeice layer of snow was removed, and evaporated to dryness 
in a metal vessel. An active residue was obtained with radio- 
active properties similar to those observed for freshly fallen rain. 
Both Wilson and Allan found that the activity of rain and snow 
decayed at about the same rate, the activity falling to half value 
in about 30 minutes. McLennan states that he found a smaller 
amount of radio-activity in the air after a prolonged fall of snow. 



1 Proc. Roy. Soc. Vol. 12, 1902. 

2 Proc. Comb. Phil. Soc. 12, p. 85, 1903. 

3 Fhys. Rev, 16, p. 106, 1903. 



* Phys. Rev, 16, p. 184, 19tt 
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SchniaHss' has observed that drops of water falling through air 
ionized by Rdntgen rays acquire a negative charge. This effect is 
ascribed to the fact that the negative ions in air diffuse faster 
than the positive. On this view the drops of rain and Hakes of 
snow would acquire a negative charge in falling through the air. 
They would in consequence act as collectors of the positive radio- 
active carriers from the air. On evaporation of the water the 
'asidio-acfcive matter would be left behind, 

Radio-actJTe emanatLons from the earth. ElstL'r 

■and Geitel observed that the air in caves and cellars was, in most 
■■caaea, abnormally radio-active, and showed very strong ionization. 
iThia action might possibly be due to an effect of stagnant air, by 
;Which it produced a radio-active emanation from itself, or to a 
(Effusion of a radio-active emanation from the soil. In order to 
jBt if this emanation was produced by the air itself, Elster and 
eitel shut up the air for several weeks in a large boiler, but no 
ppreciable increase of the activity or ionization was observed. In 
^ler to test if the air imprisoned in the capillaries of the soil was 
adio-active Elster and Geitel' put a pipe into the earth and sucked 
ip the air into a testing vessel by means of a water pump. 

The apparatus employed to test the ionization of the air is 
liown in Fig. 59. C is an electroscope connected with a wire net, 
The active air was introduced into the large bell-jar of 27 litres 
Opacity, the inside of which was covered with wire netting, MM", 
lie bell-jar rested on an iron plate AB. The electroscope could 
i charged by the rod S. The rate of discharge of the electro- 
ipe, before the active air was introduced, was noted. On allowing 
! active air to enter, the rate of discharge increased rapidly, 
1 the course of a few hours in one experiment to 30 times 
original value. They found that the emanation produced 
txcited activity on the walls of the containing vessel. The air 
lucked up from the earth was even, more active than that observed 
L caves and cellars. There can thiis be little doubt that the 
Mibnormal activity observed in caves and cellars is due to a radio- 
active emanation, present in the earth, which gradually diffuses to 
ihe surfece and collects in places where the air ia not disturbed. 



' Drude't AmvtU 9. p. 224, 1902, 



- Phyt. Zeil. 3, p. 574, 1! 
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The results obtained by Elster and Geitel for the air removed 
from the earth at Wolfenbiittel were also obtained later by Ebert 
and Ewers^ at Munich. They found a strongly active emanation 
in the soil, and, in addition, examined the variation with time of 
the activity due to the emanation in a sealed vessel. After the 
introduction of the active air into the testing vessel, the activity 
was observed to increase for several hours, and then to decay, 
according to an exponential law, with the time, fisilling to half 
value in about 32 days. This rate of decay is more rapid than 
that observed for the radium emanation, which decays to half 
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Fig. 59. 

value in a little less than four days. The increase of activity with 
time is probably due to the production of excited activity on the 
walls of the vessel by the emanation. In this respect it is analogous 
to the increase of activity observed when the radium emanation 
is introduced into a closed vessel. No definite experiments were 
made by Ebert and Ewers on the rate of decay of this excited 
activity. In one experiment the active emanation, after standing 
in the vessel for 140 hours, was removed by sucking ordinary air 

^ PKt|8. Zeit. 4, p. 162, 1902. 
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F oi' small activity through the apparatus. The activity rapidly fell 
to about half value, and this was followed by a very slow decrease 
of the activity with time. This result indicates that about half 
the rate of discharge observed was due to the radiation from the 
emanation and tht; other half to the excited activity produced by it. 

The apparatus employed by Ebert and Ewers in these experi- 
ments was very similar to that employed by Elster and Geitel, 
shown in Fig. 59. Ebert and Ewers observed that when the wire 
net attached to the electroscope was charged negatively the rate 
of discharge observed was always greater than when it was charged 
positively. The differences observed between the two rates of 
discharge varied between 10 and 20 per cent. This difference in 
the rates of discharge for positive and negative electricity is 
probably connected with the presence of particles of dust or small 
water globules suspended in the gas. The experiments of Miss 
Bi-ooks (section 171) have shown that the particles of dust present 
in the air containing the thorium emanation become radio-active. 
A large proportion of these dust particles acquire a positive charjje 
and are carried to the negative electrode in an electric field. This 
effect would increase the rate of discharge of the electroscope when 
charged negatively. In later experiments, Ebert and Ewers 
observed that, in some cases, if the air had been kept in the vessel 
for several days, the effect was reversed, and the electroscope 
showed a great rate of discharge when charged positively. 

J. J. Thomson' has observed that the magnitude of the ioniza- 
tion current depends on the direction of the electric held, if fine 
water globules are suspended in the ionized gas. 

In later experiments, Ebert' found that the radio-active emana- 
tion could be removed from the a,ir by condensation in hqiiid air. 
This property of the emanation was independently discovered by 
Ebert before he was aware of the results of Rutherford and Soddy 
on the condensation of the emanations of radium and thorium. In 
order to increase the amount of radio-active emanation in a given 
volume of air, a quantity of the active air, obtained by sucking the 
air from the soil, was condensed by a liquid air machine. The air 
was then allowed to partially evaporate, but the process was stopped 
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before the point of volatilization of the emanation was reached. 
This process was repeated with another quantity of air and the 
residues added together. Proceeding in this way, he was able to 
concentrate the emanation in a small volume of air. On allowing 
the air to evaporate, the ionization of the air in the testing vessel 
increased rapidly for a time and then slowly diminished. Ebert 
states that the maximum was reached earlier for the emanation 
which had been liquefied for some time than for fresh air. The rate 
of decay of activity of the emanation was not altered by keeping 
it at the temperature of liquid air for some time. In this respect 
it behaves like the emanations of radium and thorium. 

J. J. Thomson* found that air bubbled through Cambridge tap 
water showed much greater conductivity than ordinary air. The 
air was drawn through the water by means of a water pump into a 
large gasometer, when the ionization current was tested with a 
sensitive electrometer. When a rod charged negatively was intro- 
duced into this conducting air it became active. After an exposure 
for a period of 15 to 30 minutes in the conducting gas, the rod, 
when introduced into a second testing vessel, increased the saturation 
current in the vessel to about five times the normal amount. Verv 
little effect was produced if the rod was uncharged or charged 
positively for the same time. The activity of the rod decayed 
with the time, falling to half value in about 40 minutes. The 
amount of activity produced in a wire under constant conditions 
was independent of the material of the wire. The rays from the 
rod were readily absorbed in a few centimetres of air. 

These effects were, at first, thought to be due to the action of 
the small water drops suspended in the gas, for it was well known 
that air rapidly drawn through water causes a temporary increase 
in its conductivity. Later results, however, showed that there 
was a radio-active emanation present in Cambridge tap watt^r. 
This led to an examination of the waters from deep wells in 
various parts of England, and J. J. Thomson found that, in some 
cases, a large amount of emanation could be obtained from the 
well water. The emanation was released either by bubbling air 
through the water or by boiling the water. The gases obtained bv 
boiling the water were found to be strongly active. A sample of 

1 PhiL Mag. Sept. 1902. 
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11- luiscd with the radio-active emanatiun was condensed. The 
liquefied gas was allowed to evajiorate, and the earlier and last 
portions of the gas were collected in separate vessels. The final 
portion was found to he ahout 30 times as active as the first portion, 
examination of the radio-active properties of the active 
obtained has been made by Adams'. He found that the 
activity of the emanation decayed in an exponential law with the 
.time, felling to hulf value in about 3'4 days. This is not very 
different from the rate of decay of the activity of the radium 
emanation, which falls to half value in a little leas than four days, 
rhe excited activity produced by the emanation decayed to half 
ralue in about 35 minutes. The decay of the excited activity 
rom radium is at first irregular, but alter some time tails off in an 
ixponential law, diminishing to half value in 28 minutes. Taking 
nto account the uncertainty attaching to measurements of the 
rery small ionization observed in these experiments, the results 
^dicate that the emanation obtained from well water in England 
B similar to, if not identical with, the radium emanation. Adams 
[ibserved that the emanation was slightly soluble in water. After 
Well water had been boiled for some time and then put aside, it 
i found to recover its power of giving off an emanation with 
arae. The amount obtained after standing for some time was 
iever more than 10 per cent, of the amount first obtained. Thus 
i probable that the well water, in addition to the emanations 
bixed with it, has also a slight amount of a permanent radio-active 
lubstance dissolved in it. Ordinary rain water or distilled water 
Ibes not give off an emanation. 

Eumstead and Wheeler' have recently made a very careful 
amination of the radio-activity of the emanation obtained from 
She surface water and soil at New Haven, Connecticut. The 
tmanation, obtained from the water by boiling, was passed into 
i large testing cylinder, and measurements of the current were 
nade by means of a sensitive electrometer. The current gradually 
mse to a maximum after the intrtniuction of the emanation, in 
cuictly the same way as the current increases in a vessel after the 
Btroduction of the radium emanation. The decay of activity of 

' Phil. Mag. Nov. 1903. 

^ Amer. Jouni. Science, 17, p. 97. Feb. 1H04. 
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the emanations obtained from the water and soil was carefully 
measured, and within the limit of experimental error agreed with 
the decay of activity observed with the radium emanation. The 
identity of the emanations from the water and soil with the 
radium emanation was still further established by experiments 
on the rate of diflfusion of the emanation through a porous plate. 
By comparative tests it was found that the coefficient of di£Fusion 
of the emanations from the water and soil was the same as for 
the radium emanation. In addition, by comparison of the rate of 
diflFusion of carbonic acid, it was found that the density of the 
emanation was about four times that of carbonic acid, a result in 
good accord with that found for the radium emanation (section 
153). 

213. Radio-acti'vity of constituents of the earth. Elster 
and GeiteP observed that, although in many cases the conductivity 
of the air was abnormally high in underground enclosures, the 
conductivity varied greatly for diflferent places. In the Baumann 
Cave, for example, the conductivity of the air was nine times the 
normal, but in the Iberg Cave only three times the normal. In a 
cellar at Clausthal the conductivity was only slightly greater than 
the normal, but the excited radio-activity obtained on a negatively 
charged wire exposed in it was only 1/11 of the excited radio- 
activity obtained when the wire was exposed in the free air. It 
was concluded from these experiments that the amount of radio- 
activity in the diflferent places probably varied with the nature 
of the soil. Observations were then made on the conductivity of 
the air sucked up from the earth at diflferent parts of the countn\ 
The clayey and limestone soils at Wolfenbiittel were found to be 
strongly active, the conductivity varying from four to sixteen times 
the normal amount. A sample of air from the shell limestone of 
Wurzburg and from the basalt of Wilhelmshohe showed very little 
activity. 

Experiments were made to see if any radio-active substance 
could be detected in the soil itself For this purpose some earth 
was placed on a dish and introduced under a bell-jar, similar to that 
shown in Fig. 59. The conductivity of the air in the bell-jar 

^ PHy«. Zelt. 4,^. 522, 1903. 
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F increased with the time, rising to three times the uormal value 
after several days. Little difference was observed whether the 
earth was dry or moist. The activity of the soil seemed to be 
permanent, for no change in the activity was observed after the 
earth had been laid aside for eight months. 

Attempts were then made to separate the radio-active con- 
stituent from the soil by chemical treatment. For this purpose 
a sample of clay was tested. By extraction with hydrochloric 
acid all the calcium carbonate was removed. On drying the 
clay, the activity was found to be reduced, but it spontaneously 
regained its original activity in the course of a few days. It thus 
seems probable that an active product had been separated from 
the soil by the acid. Elster and Geitel consider that an active 
substance was present in the clay, which formed a product more 
readily soluble in hydrochloric acid than the active material itself. 
There seemed to be a process analogous to the separation of Th X 
from thorium by precipitation with ammonia. 

Experiments were also made to see if substances placed in the 
earth acquired any radio-activity. For this purpose samples of 
potter's clay, whitening, and heavy spar, wrapped in linen, were 
placed in the earth 50 cms, below the surface. After an interval 
of a month, these were dug up and their activity examined. The 
clay was the only substance which showed any activity. The 
activity of the clay diminished with the time, showing that activity 
had been excited in it by the emanations present in the soil, 

Elster and OeiteP have recently found that a large quantity of 
the radio-active emanation can be obtained by sucking air through 
clay. In some cases, the conductivity of the air in the testing 
vessel was increased over 100 times. They have also found that 
"tango" — a fine mud obtained from hot springs in Battaglia, 
Northern Italy — gives off three or four times as much emanation 
as clay. By treating the fango vrith acid, the active substance 
present was dissolved. On adding some barium chloride to the 
solution, and precipitating the barium as sulphate, the active 
snbstance was removed, and in thia way a precipitate was obtained 
over 100 times as active, weight for weight, as the original fango. 
Comparisons were made of the rate of decay of the excited activity, 
■ Phy: Zfit. 5, No. 1, p. 11, IMS. 
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due to the emanation from fango, with that due to the radium 
emanation, and within the limit of error, the decay curves obtained 
were found to be identical. There can thus be little doubt that 
the activity observed in fango is due to the presence of a small 
quantity of radium. Elster and Geitel calculate that the amount 
of radium, contained in it, is only about one thousandth of the 
amount to be obtained from an equal weight of pitchblende from 
Joachimstahl. 

The natural carbonic acid arising from great depths of old 
volcanic soil was also tested. The carbon dioxide was obtained 
from the works in the liquid state. The gas was found to show 
distinct activity, and was able to produce excited activity on the 
surface of the vessel. After an interval of 16 days the gas was 
again tested and found to be inactive. 

These results are similar to those of J. J. Thomson, who found 
an active emanation in the water obtained from deep wells. 

214. Effect of meteorological conditions upon the 
radio-activity of the atmosphere. The original experiments 

of Elster and Geitel on the excited radio-activity derived from 
the atmosphere were repeated by Rutherford and Allan' in 
Canada. It was found that a large amount of excited radio- 
activity could be derived from the air, and that the eflFects were 
similar to those observed by Elster and Geitel in Germany. This 
was the case even on the coldest day in winter, when the ground 
was covered deeply with snow and the wind was blowing from the 
north over snow-covered lands. The results showed that the 
radio-activity present in the air was not much aflFected by the 
presence of moisture, for the air during a Canadian winter is 
extremely dry. The greatest amount of excited activity on a 
negatively charged wire was obtained in a strong wind. In some 
cases the amount produced for a given time of exposure was ten 
to twenty times the normal amount. A cold bright day of winter 
usually gave more effect than a warm dull day in summer. 

Elster and GeiteP have made a detailed examination of the 
effect of meteorological conditions on the amount of excited radio- 
activity to be derived from the atmosphere. For this purpose a 

^ Phil Mag. Dec. 1902. - Phys. Zeit, 4, pp. 137, 138. 1902. 



jample portable apparatus' was devised by them and used for the 
irhole series of experiments. A large number of observations were 
jaken, extending over a period of twelve months. They found 
Jiat the amount of excited activity obtained was subject to great 
variations. The extreme values obtained varied in the ratio of 
16 to 1. No direct connection could be traced between the amount 
of ionization in the atmosphere and the amount of excited activity 
produced. They found that the greatest amount of excited activity 
^ras obtained during a fog, while the amount of ionization in the 
) then small. This result, however, is not necessarily contra- 
dictory to the view that the ionization and activity of the air 
to a certain extent connected- From the experiments of 
Miss Brooks on the effect of dust in acting as carriers of excited 
activity, it is to be expected that more excited activity would be 
obtained during a fog than in clear air. The particles of water 
becx>me centres for the deposit of radio-active matter. The 
|>ositive carriers are thus anchored and are not removed from 
the air by the earth's field. In a strong electric field, these 
small drops wiU be carried to the negative electrode and manifest 
their activity on the surface of the wire. On the other hand, the 
distribution of water globules throughout the air causes the ions 
an the air to disappear rapidly in consequence of their diffusion to 
the surface of the drops (see section 31). For this reason the 
idenser the fog, the smaller will be the conductivity observed in 
the air. 

Lowering the temperature of the air had a decided influence. 
JThe averse activity observed below ©"C was V44 times the 
ctivity observed above 0" C. The height of the barometer was 
>und to exert a marked influence on the amount of excited activity 
» be derived from the air. The lower the barometer the greater 
was the amount of excited activity in the air. The effect of 
variation of the height of the barometer is intelligible, when it is 
■considered that probably a large proportion of the radio-activity 
observed in the air is due to the radio-active emanations which 
are continuously diffusing from the earth into the atmosphere. 
Elster and Gcitel have suggested that a lowering of the pressure 
■ of the air would cause the air fi^m the ground to be drawn up 
' Phyi. Ztit. 4, p. 632. 1908. 
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from the capillaries of the earth into the atmosphere. This, how- 
ever, need not necessarily be the case if the conditions of the escape 
of the emanation into the atmosphere are altered by the variation 
of the position of underground water or by a heavy fell of rain. 

The amount of excited activity to be derived from the air on 
the Baltic Coast was only one-third of that observed inland at 
Wolfenbtittel. Experiments on the radio-activity of the air in 
mid-ocean would be of great importance in order to settle whether 
the radio-activity observed in the air is due to the emanations 
from the soil alone. It is to be expected that the radio-activity 
of the air at different points of the earth would vary widely, and 
would largely depend on the nature of the soil. 

Some interesting experiments have been made by McLennan^ 
on the amount of excited radio-activity to be derived from the air 
when filled with fine spray. The experiments were made at the 
foot of the American Fall at Niagara. An insulated wire was 
suspended near the foot of the Fall, and the amount of excited 
activity on the wire compared with the amount to be obtained on 
the same wire for the same exposure in Toronto. The amount of 
activity obtained from the air at Toronto was generally five or six 
times that obtained from the air at the Falls. In these experi- 
ments it was not necessary to use an electric machine to charge 
the wire negatively, for the falling spray kept the insulated wire 
permanently charged to a potential of about — 7500 volts. These 
results indicate that the falling spray had a negative charge and 
electrified the wire. The small amount of the excited radio- 
activity at the Falls was probably due to the fact that the 
negatively charged drops abstracted the positively charged radio- 
active carriers from the atmosphere, and in falling carried them 
to the river below. On collecting the spray and evaporating it, 
no active residue was obtained. Such a result is, however, to be 
expected on account of the minute proportion of the spray tested 
compared with that present in the air. 

215. A very penetrating radiation firom the earth'i 
surface. McLennan^ and Rutherford and Cooke' independently 

1 Phys. Rev. 16, p. 184, 1903, and Phil. Mag. 5, p. 419, 1903. 

2 Phys. Rev. No. 4, 1903. « Americ. Phys. Soe. Dec. 1902. 
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observed the preseiice of a very penetrating radiation inside build- 
ings. McLennan measured the natural conductivity of the air in 
a large closed metal cylinder by means of a sensitive electrometer. 
The cylinder was then placed inside another and the space between 
filled with water. For a thickness of water between the cylinders 
of 25 cms. the conductivity of the air in the inner cylinder fell to 
about 63 per cent, of its initial value. This result shows that part 
of the ionization in the inner cylinder was due to a penetrating 
radiation from an external source, which radiation was partially or 
wholly absorbed in wat-er, 

Rutherford and Cooke observed that the rate of discharge of a 
sealed brass electroscope was diminished by placing a lead screen 
around the electroscope. A detailed investigation of the decrease 
of the rate of dischai^e in the electroscope, when surrounded by 
metal screens, was made later by Cx>oke'. A thickness of 5 cms. of 
lead round the electroscope decreased the rate of discharge about 
30 per cent. Further increase of the thickness of the screen had 
no effect. When the apparatus was surrounded by 5 tons of pig- 
lead the rate of discharge was about the same as when surrounded 
by a plate about 3 cms. thick. An iron screen also diminished the 
rate of discharge to about the same extent as the lead. By suitably 
arranging lead screens it was found that the radiation came equally 
irom all directions. It was of the same intensity by night as by 
day. In order to be sure that this penetrating radiation did not 
arise from the presence of radio-active substances in the laboratory, 
tbe experiments were repeated in buildings in which radio-active 
substances had never been introduced, and also on the open ground 
£ar removed from any building. In all cases a diminution of the rate 
of discharge of the electroscope, when surrounded by lead screens, 
was observed. These results show that a penetrating radiation is 
present at the sar&ce of the earth, arising partly from the earth 
itself and partly from the atmosphere. 

This result is not unexpected, when the radio-activity of the 
earth and atmosphere is taken into account. The writer has 
found that bodies made active by exposure to the emanations from 
thorium and radium give out y rays. It is then to be expected 
that the very similar excited nulio-activity which is present in 

■ Fba. Ueg. Oct. 1903. 
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the earth and atmosphere should also give rise to 7 rays of 
a similar character. 



216. Comparison of the radio-acti'vity of the atmo- 
sphere with that produced by the radio-elements. The 

radio-active phenomena observed in the earth and atmosphere are 
very similar in character to those produced by thorium and radium. 
Radio-active emanations are present in the air of caves and cellars, 
in natural carbonic acid, and in deep well water, and these emana- 
tions produce excited radio-activity on all bodies in contact with 
them. The question now arises whether these effects are due to 
known radio-elements present in the earth or to unknown kinds 
of radio-active matter ? The simplest method of testing this point 
is to compare the rates of decay of the radio-active products in 
the atmosphere with those of the known radio-active products of 
thorium and radium. A cursory examination of the &cts at once 
shows that the radio-activity of the atmosphere is much more 
closely allied to effects produced by radium than to those due to 
thorium. The activity of the emanation released from well water, 
and also that sucked up from the earth, decays to half value in 
about 3*3 days, while the activity of the radium emanation decays 
to half value in an interval of 3*7 to 4 days. Considering the 
difficulty of making accurate determinations of these quantities, 
the rates of decay of the activity of the emanations from the earth 
and from radium agree within the limits of experimental error. 
Bumstead and Wheeler have shown that the emanation from the 
soil and surface water of New Haven is identical with the radium 
emanation. If the emanation from the earth is the same as that 
from radium, the excited activity produced should have the same 
rate of decay as that from radium. The emanation from well 
water in England approximately fulfils this condition (section 212), 
but an observation recorded by Ebert and Ewers (section 212) 
seisms to show that the excited activity due to the emanation 
sucked up from the earth decays at a very slow rate compared 
with that due to radium. 

On comparing the rates of decay of the excited activity derived 
from the atmosphere and of that produced by radium, the evidence 
is to some extent conflicting. The activity of a negatively charged 



wire, exposed in the open air, decays according to an exponential 
law with the time, falling to half value in 45 minutes. On the 
other hand, the activity of freshly fellen rain and snow falls to 
half value in about 30 minutes. Now the activity of a wire, made 
active by exposure to the radium emanation, is at first irregular, 
but about an hour after removal it decays according to an expo- 
nential law with the time, falling to half value in 28 minutes. 
The agreement between the rates of decay of the activity of the 
emanation in the air and the excited activity produced on rain and 
snow, with thf similar effects produced by radium, strongly sup- 
ports the view that the radium emanation is present in the soil 
and atmoRphere. Allan' has also obtained evidence to show that 
the rate of decay of the excited activity produced on a negatively 
charged wire is the resultant of the rates of decay of several types 
of matter which have different rates of decay. For example, the 
activity transferred from the active wire to a piece of leather 
moistened with ammonia, fell to half value in 38 minutes, while on 
a piece of absorbent felt treated similarly the activity fell to half 
value in 60 minutes. Thus it seems probable that different types 
of active matter are collected by the negatively charged wire, 
which are soluble in ammonia in different degrees. An accurate 
determination of the rate of decay of the excited activity from 
actinium would be of interest, in order to see if the activity derived 
from the air may be due in part to the presence of the actinium 
emanation. 

C(5nsidering the results aa a whole, there is evidence that other 
radio-active substances besides radium and thorium are present in 
the earth. There can be little doubt, however, that part of the 
radio-activity of the atmosphere is due to the radium emanation, 
which is continually diffusing into the atmosphere from the pores 
of the earth. Since radio-acti\-ity has been observed in the 
atmosphere at all points at which observations have, so far, been 
, there can he little doubt that radio-active matter is dis- 
jibuted in minute quantities throughout the soil of the earth, 
lie volatile emanations escape into the atmosphere by diffusion, 
r are carried to the surface in spring water or by the escape of 
tnderground gases, and cause the i-adio-active phenomena observed 
' Phys, Rev. 16, p. 306, 1903. 
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in the atmosphere. The observation of Elster and Geitel that the 
radio-activity of the air is much less near the sea than inland is 
at once explained, if the radio-activity of the atmosphere is due 
mainly to the diffusion of emanations fix)m the soil into the air 
above it. 

The rare gases helium and xenon which exist in the atmosphere 
have been tested and found to be non-radio-active. The radio- 
activity of the air cannot be ascribed to a slight radio-activity 
possessed by either of these gases. 

In order to account for the effect observed, it is only necessary 
to suppose that the radio-active substance is present in minute 
quantity mixed with the soil. Suppose, for the purpose of illustra- 
tion, that the radio-activity of the atmosphere is due to the radium 
emanation escaping from the earth's surface. The air sucked from 
the soil in many cases shows 20 times the conductivity of ordinaiy 
air. Now it will be shown (section 218) that the natural 
conductivity of air observed in closed vessels corresponds to a 
production of about 30 ions per c.c. per second. The active air of 
20 times the normal conductivity thus gives rise to about 600 ions 
per c.c. per second. In 100 litres of this active air the number of 
ions produced per second is therefore 6 x 10^ Now it has been 
found that the saturation current in a sealed vessel, due to the 
emanation from one gram of radium chloride, corresponds to a 
current of 2*5 x 10"** electro-magnetic units. Taking the charge of 
an ion as 1*1 x 10~^® electro-magnetic units, this corresponds to a 
production of 2'3 x 10^*^ ions in the gas per second. The emanation 
present in 100 litres of air, of activity 20 times the normal activity, 
would thus correspond to the amount released by solution of 
S x 10~® of a gram of radium chloride. A very minute amount of 
radium per cubic foot of soil would account for the radio-active 
effects observed. 

217. Radio-activity of ordinaiy materials. It has been 
shown that radio-active matter seems to be distributed &irly 
uniformly over the surface of the earth and in the atmosphere. 
The very important question arises whether the small radio-activity 
observed is due to known or unknown radio-elements present in 
the earth and atmosphere, or to a feeble radio-activity of matter 
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in general, which is only readily detectable when large quantities I 
if matter are present. The experimental evidence is not yet 
ifhcient to answer thia question, but undoubted proof has been 
btained that many of the metals show a very feeble radio-activity. 
ii'hether thia radio-activity is due to the presence of a shght trace 
f the radio-elements or is an actual property of the metals them- 
lives still remains in doubt. This point will be discussed in 
lore detail later in section 220. 

Schuster' has pointed out that every physical property hitherto 
iacovered for one element has been found to be shared by all 
le others in varying degrees. For example, the property of 
lagnetism is most strongly marked in ii-on, nickel, and cobalt, but 
,1 other substances are found to be either feebly magnetic or 
iamagnetic. It might thus be expected on general principles 
lat all matter should exhibit the property of radio-activity in 
wying degrees. On the view developed in chapter x. the 
resence of this property is an indication that the matter is 
indergoing change accompanied by the expulsion of charged 
trticles. It does not, however, by any means follow that because 
le atom of one element in the course of time becomes unstable 
id breaks up, that, therefore, the atoms of all the other elements 
kss through similar phases of instability. 

It has already been mentioned (section 8). that Mme Curie 
ade a very extensive examination of most of the elements and 
leir compounds for radio-activity. The electric method was 
Bed, and any substance possessing- an activity of 1/100 of that of 
anium would certainly have been detected. With the exception 
'the known radio-elements and the minerals containing uranium 
id thorium, no other substances were found to be radio-active 
vrai to that degree. 

Certain substances like phosphorus' possess the property of 
nizing a gas under special conditions. The air which is drawn 
'er the phosphorus is conducting, but it has not yet been settled 
bether this conductivity is due merely to ions formed at the 
rface of the phosphorus or to ions produced by the phosphorus 
iclei or emanations, as they have been termed, which are carried 
■ BrilUh Alloc. 1803. 
* J. J. Thomson, Conduction of Eieclricity through Gatti, p. 324, lilOS. 
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along with the current of air. It does not however appear that 
the ionization of the gas is in any way due to the presence of a 
penetrating type of radiation such as is emitted by the radio- 
active bodies. Le Bon (section 8) observed that quinine sulphate, 
after being heated to a temperature below the melting point and 
then allowed to cool, showed for a time strong phosphorescence 
and was able rapidly to discharge an electroscope. The discharging 
action of quinine sulphate under varying conditions has been veiy 
carefully examined by Miss Gates ^ The ionization could not be 
observed through thin aluminium foil or gold-leaf but appeared 
to be confined to the surface. The current observed by an electro- 
meter was found to vary with the direction of the electric field, 
indicating that the positive and negative ions had very different 
mobilities. The discharging action appears to be due either to an 
ionization of the gas very close to the surface by some short ultra- 
violet light waves, accompanying the phosphorescence, or to a 
chemical action taking place at the surface. 

Thus, neither phosphorus nor quinine sulphate can be con- 
sidered to be radio-active, even under the special conditions when 
they are able to discharge an electrified body. No evidence in 
either case has been found that the ionization is due to the 
emission of a penetrating radiation. 

No certain evidence has yet been obtained that any body can 
be made radio-active by exposure to Rontgen or cathode rays. 
A metal exposed to the action of Rontgen rays gives rise to a 
secondary radiation which is very readily absorbed in a few 
centimetres of air. It is possible that this secondary radiation 
may prove to be analogous in some respects to the a rays firom 
the radio-elements. The secondary radiation, however, ceases 
immediately the Rontgen rays are cut off. Villard* observed that 
a piece of bismuth produced a feeble photographic action after it 
had been exposed for some time to the action of the cathode 
rays in a vacuum. It has not however been shown that the 
bismuth gives out rays of a character similar to those of the 
radio-active bodies. 

The existence of a very feeble radio-activity of ordinary matter 

1 Amer. Phys. Soc, Oct. 1903. 

* Soci€t€ de Physique, July, 1900. 
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has be;eQ deduced from the study of the conductivity oi gases in 
closed vessels. The conductivity is estreoiely minute, and special 
methods are required to determino it with accuracy. A brief 
account will now be given of the gradual growth of our knowledge 
on this imjjortant question. 

218. Conductivity of air in closed vessels. Since the 
time of Coulomb onwards several investigators have believed that 
a charged conductor placed inside a closed vessel lost its charge 
more rapidly than could be explained by the conduction leak 
across the insulating support. Matteucci, as early as 1850, observed 
that the rate of loss of charge was independent of the potential- 
Boys, by using quartz insulators of different lengths and diameters, 
ai-rived at the conclusion that the leakage must in part take place 
through the air. This loss of charge in a closed vessel was believed 
to be due in some way to the presence of dust particles in the air. 

On the discovery that gases became temporary conductors of 
electricity under the influence of RSntgen rays and the rays from 
radio-active substances, attention wa» again drawn to this question. 
Geitel' and C. T. R. Wilson" independently attacked the problem 
and both came to the conclusion that the loss of charge was due 
to a constant ionization of the air in the closed vessel. Geitel 
employed in his experiments an apparatus similar to that shown 
in Fig, 59. The loss of charge of an Exner electroscope, with the 
cylinder of wire netting Z attached, was observed in a closed vessel 
containing about 30 litres of air. The electroscope system was 
foimd to diminish in potential at the rate of about 40 volts per 
hour, and this leakage was shown not to be due to a want of 
insulation of the supports. 

Wilson, on the other hand, used a vessel of very small volume, 
in oi-der to work with air which could be completely freed from 
dust, In the first experiments a silvered glass vessel with a 
volume of only 163 c.c. was employed. The experimental arrange- 
ment is shown in Fig. (iO. 

The conductor, of which the loss of charge was to be measured, 
was placed near the centre of the vessel A, It consisted of a 



Pruc. Ray. Soc. 68. p. 152, 1301. 
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narrow Htrip of metal with a gold-leaf attached. The strip of 
metal was fixed to the upper rod by meaoB of a small sulphur bead. 
The upper rod was conuected to a sulphur condenser with an 
Exner electroscope B attached to indicate its potential The 
gold-leaf system was initially charged to the same potenti^ aa 
the upper rod and condenser by means of a fine steel wire which 
was caused to touch the gold-leaf system by the attraction of a 
magnet brought near it. The rate of movement of the gold-leaf 




Fig. 60. 

was measured by means of a microscope provided with a micro- 
meter eye-piece. By keeping the upper rod at a slightly higher 
potential than the gold-leaf system, it was ensured that the loss 
of charge of the gold-leaf system was not in any way due to a 
conduction leakage across the sulphur bead. 

The method employed by Wilson in these experiments is 
very certain and convenient when an extremely small rate of 
discharge is to be observed. In this respect the electroscope is 
able to measure with certainty a rate of loss of chai^ muct 
smaJler than can be measured by a sensitive electrometer. 



i.ND or ORDINABr UATEBIALa 

Both Geitel and Wilson found that the leiilcage of the insulated 
.eystcm in diiat-free air was the sanne for a positive as for a negative 
charge, and was independent of the potential over a considerable 
range. The leakage was the same in the dark as in diffuse 
■daylight. The independence of leakage of the potential is strong 
evidence that the loss of charge is due to a constant ionization of 
the air. When the electric field acting on the gas exceeds a 
certain value all the iona are carried to the electrodes before re- 
combination occurs. A saturation cun'ent is reached, and it will 
be independent of further increase of the electric field, provided, 
of course, a potential sufficiently high to cause a spark to pass is 
not applied. 

C. T, R, Wilson has recently devised a striking experiment to 
^ow the presence of ions in dust-free air which is not exposed to 
my external ionizing agency. Two lai^e metal plates are placed 
u a glass vessel connected to an expansion apparatus similar to 
that described in section 34. On expanding the air the presence 
cf the ions is shown by the appearance of a slight cloud between 
the plates. These condensation nuclei carry an electric charge 
md are apparently similar in all respects to the ions produced 
D gases by X rays or by the rays from active substances. 

Wilson found that the loss of charge of the insulated system 
■was independent of the locality. The rate of discharge was un- 
altered when the apparatus was placed in a deep tunnel, so that 
it did not appear that the loss of charge waa due to an external 
radiation. From experiments already described, however (section 
:215), it is probable that about 30 per cent, of the rate of discharge 
sbaerved was due to a very penetrating radiation. This experiment 
f Wilson's indicates that the intensity of the penetrating radiation 
I the same in the tunnel as at the earth's surface. Wilson 
£)und that the ionization of the air waa about the same in a brass 
Tessel as in one of glass, and came to the conclusion that the 
air waa spontaneously ionized. 

Using a brass vessel of volume about 471 c.c, Wilson de- 
termined the number of ions that must be produced in air 
>er unit volume per second, in order to account for the loss of 
charge of the insulated system. The leaka^ system waa found 
to have a capacity of about I'l electrostatic units, and lost its 
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charge at the rate of 4*1 volts per hour for a potential of 210 volts, 
and 4*0 volts per hour for a potential of 120 volts. Taking the 
charge on an ion as 3*4 x 10~" electrostatic units, this corresponds 
to a production of 26 ions per second. 

Rutherford and Allan* repeated the results of Geitel and 
Wilson, using an electrometer method. The saturation current 
was observed between two concentric zinc cylinders of diameter 
25*5 and 7*5 cms. respectively and length 154 cms. It was found 
that the saturation current could practically be obtained with a 
potential of a few volts. Saturation was however obtained with 
a lower voltage after the air had remained undisturbed in the 
cylinders for several days. This was probably due to the gradual 
settling of the dust originally present in the air. 

Later observations of the number of ions produced in air in 
sealed vessels have been made by Patterson^, by Harms*, and by 
Cooke*. The results obtained by different observers are shown 
in the following table. The value of the charge on an ion is taken 
as 3*4 X 10~^® electrostatic units : 





Number of ions 




Material of vessel 


produced per c.c. 
per second 


Observer 

1 

1 


Silvered glass ... 


36 


C. T. R. Wilson 


Brass 


26 


)} )) 


Zinc 


27 


Rutherford and Allan i 


Glass 


53 to 63 


Harms 


Iron 


61 


Pattei-son 


Cleaned brass ... 


10 


Cooke ! 



It will be shown later that the differences in these results are 
probably due to differences in the radio-activity of the containing 
vessel. 

219. Effect of pressure and nature of gas. C. T. R. Wilson 
(loc. cit,) found that the rate of leakage of a charged conductor 
varied approximately as the pressure of the air between the pres- 
sures examined, viz. 43 mms. and 743 mms. of mercury. These 
results point to the conclusion that, in a good vacuum, a charged 

1 Phil Mag. Dec. 1902. a Phil. Mag, August, 1903. 

3 Phys. Zeit. 4, No. 1, p. 11, 1902 * Phil. Mag, Oct. 1903. 
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body would Icee its chargf extremely slowly. This is in agreement ; 
with an observation of Crookes, who found that a pair of gold- 
leaves retained their charge for several months in a high vaciiiim. 
Wilson' at a later date investigated the leakage for different 
;e. The results are included in the following table, where the 
ionization produced iu air is taken as unity: 



Uofl 


Relative 


RelalLTa iQniaation 


deaaity 


Air 

Hj-arogen 
Carbon dioxide ... 
Swlphur dioxide... 


0-184 
1-69 
a-64 
i-7 


I'OO 
2-1 
MO 
1'21 
109 



With the exception of hydrogen, the ionization produced in 
different gases is approximately proportional to the density. The 
relative ionization is very similar to that observed by Strutt 
(section 45) for gases exposed to the influence of the a and rays 
from radio-active substances, and points to the conclusion that the 
ionization observed may be due either to a radiation from the 
■walls of the vessel or fi'om external sources. 

Patterson" examined the variation of the ionization of air 
with pressure in a large iron vessel of diameter 30 cms. and length 
20 cms. The current between a central electrode and the cylinder 
■was measured by means of a sensitive Dolezalek electrometer. 
He found that the saturation cuiTent was practically independent 
of the pressure for pressures greater than 300 mms. of mercury. 
Below a pressure of 80 mms. the current varied directly as the 
pressure. For air at atmospheric pressure, the current was inde- 
pendent of the temperature up to 450' C. With further increase 
of temperature, the current began to increase, and the increase 
■was more rapid when the central electrode was charged negatively 
than when it was charged positively. This difference was ascribed 
3 the production of positive ions at the surface of the iron vessel, 
^e results obtained by Patterson render it very improbable that 
|he ionization observed in air is due to a spontaneous ionization of 
\the enclosed air: for it would be expected that the amount of 
this ionization would depend on the temperature of the gas. On 
» Ptoc. Boy. 3tK. 89, p. 377, IMX; ' Phil. Maj. A.-a«, V5fc%. 
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the other hand, the results are to be expected if the ionization 
of the enclosed air is mainly due to an easily absorbed radiation 
from the walls of the vessel. If this radiation had a penetrating 
power about equal to that observed for the a rays of the radio- 
elements, the radiation would be absorbed in a few centimetres of 
air. With diminution of pressure, the radiations would traverse 
a greater distance of air before complete absorption, but the total 
ionization produced by the rays would still remain about the same, 
until the pressure was reduced suflSciently to allow the radiation 
to traverse the air space in the vessel without complete absorption. 
With still further diminution of pressure, the total ionization 
produced by the radiation, and in consequence the current observed, 
will vary directly as the pressure. 

220. Examination of ordinary matter for radio-activity- 

Strutt^ McLennan and Burton', and Cooke', independently ob- 
served about the same time that ordinary matter is radio-active 
to a slight degree. Strutt, by means of an electroscope, observed 
that the ionization produced in a closed vessel varied with the 
material of the vessel. A glass vessel with a removeable base 
was employed and the vessel was lined with the material to be 
examined. The following table shows the relative results obtained 
The amount of leakage observed is expressed in terms of the 
number of scale divisions of the eye-piece passed over per hour 
by the gold-leaf: 



Material of lining of vessel 


Leakage in scale 
divisions per hour 


X XULV/Xla •• ••• ••• ••• ••• 


3-3 


„ another sample 


2-3 


Glass coated with phosphoric acid 


1-3 


Silver chemically deposited on glass 


1-6 


M-JxLl\^ %•• ••■ ••• ••• ••• 


1-2 


-LiGuiQ ••• ••• ••• ••• ••• 


2-2 


Copper (clean) 


2-3 


„ (oxidized) 


1-7 


Platinum (various samples) 


2-0, 2-9, 3-9 


Aluminium 


1-4 



1 Phil. Mag, June, 1903. Nature, Feb. 19, 1903. 

^ Phys, Rev. No. 4, 1903. J. J. Thomson, Nature, Feb. 26, 1908. 

* Phil. Mag. Aug. 6, 1%^. lL\xl\i«tloT^, ISatuxt, k^til 2, 1908. 



There are thus marked differences in the leakage ohaerved for 
different materials and also considerable differences in different 
lamples of the same metal. For example, one specimen of platinum 
BEiused nearly twice the leakage of another sample from a different 
iitock. 

McLennan and Burton, on the other hand, measured by means 
ef a sensitive electrometer the ionization current produced in the 
usir in a closed iron cylinder 25 cms. in diameter and 130 cms. in 
lei^h, in which an insulated central electrode was placed. The 
open cylinder was first exposed for some time at the open window 
■of the laboratory. It was then removed, the top and bottom 
elosed, and the saturation current through the gas determined as 
Boon as possible. In all cases it was observed that the current 
diminished for two or three hours to a minimum and then very 
slowly increased again. In one experiment, for example, the initial 
current observed corresponded to 30 on an arbitrary scale. In the 
.course of four hours the current fell to a minimum of 6'6, and 
44 hours later had risen to a practical maximum of 24. The 
initial decreaae observed is pn»bably due to a radio-activity of 
the enclosed air or walls of the vessel, which decayed rapidly 
■with the time. The decay of the excited activity produced on 
'the interior surface of the cylinder when exposed to the air was 
probably responsible for a part of the decl'ease observed, McLennan 
ascribes the increase of current with time to a radio-active ema- 
Hation which is given off from the cylinder, and ionizes the enclosed 
On placing linings of lead, tin, and zinc in the iron cylinder, 
eonaiderable differences were observed both of the minimum current 
ynd also of the final maximum. Lead gave about twice the cur- 
tent due to zinc, while tin gave an intermediate value. These 
asults are similar in character to those obtained by Strutt. 

McLennan and Burton also investigated the effect of dimi- 

iiution of pressure on the current. The cylinder was filled with 

r to a pressure of 7 atmospheres, and allowed to stand until 

ihe current reached a constant value. The air was then allowed 

D escape and the pressure reduced to 44 mms. of mercury. The 

rent was found to vary approximately as the pressure over the 
Whole range. These results are not in agreement with the results 
of Patterson already described, nar with some later experiments 
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of Strutt. McLennan's results however point to the conclusion 
that the ionization was mainly due to an emanation emitted from 
the metal. Since the air was rapidly removed, a proportionate 
amount of the emanation would be removed also, and it might 
thus be expected that the current would vary directly as the 
pressure. If this is the case the current through the gas at low 
pressures should increase again to a maximum if time is allowed 
for a fresh emanation to form. 

H. L. Cooke, using an electroscopic method, obtained results 
very similar to those given by Strutt. Cooke observed that a pene- 
trating radiation was given out from brick. When a brass vessel 
containing the gold-leaf system was surrounded by brick, the 
discharge of the electroscope was increased by 40 to 50 per cent. 
This radiation was of about the same penetrating power as the 
rays from radio-active substances. The rays were completely 
absorbed by surrounding the electroscope by a sheet of lead 2 mms. 
in thickness. This result is in agreement with the observation 
of Elster and Geitel, already mentioned, that radio-active matter 
was present in clay freshly dug up from the earth. 

Cooke also observed that the ionization of the air in a brass 
electroscope could be reduced to about one-third of its usual 
value if the interior surface of the brass was carefully cleaned. By 
removing the interior surf&ce of the brass he was able to reduce 
the ionization of the enclosed air from 30 to 10 ions per c.c. per 
second. This is an important observation, and indicates that a 
large proportion of the radio-activity observed in ordinary matter 
is due to a deposit of radio-active matter on its surface. It has 
already been shown (sections 173 and 188) that bodies which 
have been exposed in the presence of the radium emanation 
retain a residual activity which decays extremely slowly. There 
can be no doubt that the radium emanation is present in the 
atmosphere, and the exposed surface of matter, in consequence, 
will become coated with an invisible film of radio-active matter, 
deposited from the atmosphere. On account of the slow decay of 
this activity it is probable that the activity of matter exposed in 
the open air would steadily increase for a long interval. Metals, 
even if they are originally inactive, would thus acquire a fairly 
permanent activity, but it should be possible to get rid of this 
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by reuioviug the surface of the metal or by chemical treat- 
ment. 

It must be borne in mind that the activity observed in ordinary 
Xnatter ia excessively minute. The lowest rate of production of 
tons yet observed is 10 per cubic centimetre per second in a 
brass vessel. Suppose a spherical brass vessel is taken of capacity 
i litre, The area of the interior surface would be about 480 sq. 
IS. and the total number of ions produced per second would be 
ibout 10*. Now it has been shown in section 104 that an a 
rticle projected from radium probably gives rise to 7 x 10' ions 
lefore it is absorbed in the gas. An expulsion of one a particle 
ivery 7 seconds from the whole vessel, or of one a particle from 
lach square centimetre of surface per hour would thus account for 
he minute conductivity observed. Even if it were supposed that 
his activity is the result of a breaking up of the matter com- 
losing the vessel, the disintegration of one atom per second per 
[ram, provided it was accompanied by the expulsion of an a 
Kirticle. would fully account for the conductivity observed. 
Strutt^ has recently observed that a radio-active emanation can 
s obtained by bubbling air through mercuiy. The emanation 
bppears to be very similar in character to that emitted by radium 
ion, for its activity decays to half value in 3'18 days and 
he excited activity to half value in 20 minutes. An emanation 
was also obtained by drawing air over red-hot copper, 

Bumstead and Wheeler' have repeated the experiments of 
Jtrutt of bubbling air through mercury, but were unable to 
letect any increase of the conductivity of air, which had been 
drculated through hot mercury for fourteen hours, although an 
3ase of 10 per cent, of the natural conductivity could have 
1 detected. These results indicate that the emanation from 
bercury obtained in the experiments of Strutt was probably due 
> the presence of a minute amount of radium as an impurity. 

There is not yet sufficient evidence to decide with certainty 
(whether ordinary matter possesses the property of radio-activity. 
SThere is no doubt that, if matter possesses the property at all, 
it does so to a minute extent. The extreme minuteness of the 
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radio-activity observed, and the distribution of radio-active matter 
throughout the constituents of the earth, render it difficult to be 
certain that any substance, however carefully prepared, is freed 
from possible radio-active impurities. A careful comparison of 
the rates of decay of the activity of the emanations obtained from 
ordinary matter, and of the excited activity, with the corresponding 
rates of decay of the activity of the products of the known radio- 
active substances, may throw some light on the question. 
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150 

emitted firom radio-elements, in form 
of a rays, 154 

emitted from radium in form of heat, 
158 et seq. 

emission of, from the emanation, 161 
et seq.t 247 

emission of, from radio-active pro- 
ducts of radium, 278 

total emission of, from 1 gram of 
radio-elements, 336 

latent store of, in matter, 337 
Eve 

conductivity of gases for very pene- 
trating Bontgen rays, 145 
Evolution of matter 

evidence of, 348 
Ewers and Ebert 

emanation from the earth, 358 
Excited radio-activity 

heat emission due to, 161 et seq. 

discovery and properties of, 250 

concentration of, on negative elec- 
trode, 252 

connection of, with the emanations, 
253 

removal of, by acids, 255 

decay of, due to thorium, 256 

decav of, for short exposure to thorium, 
259 

effect of dust on distribution of, 260 

decay of, from radium, 261 

of radium, of very slow decay, 264 

connection between decay curves of, 
and times of exposure, 265 

theory of successive changes to give 
rise to, 268 

changes in emanation X of thorium, 
270 et seq. 

changes in emanation X of radium, 
272 

physical and chemical properties of 
emanation X, 275 

electrolysis of active solutions, 276 

effect of temperature on, 277 

emission of heat, due to, 278 

variation with electric field, of amount 
of, 280 

effect of pressure on distribution of, 282 

transmission of, 282 et seq. 

from actinium, and '* emanating sub- 
stance," 287 
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Excited radio-activity (cant.) 

possible connection of polonium and 
radio-tellaiiam with, 290 et seq, 

from the atmosphere, 351 et seq. 

concentration of, on negative elec- 
trode, 351 

decay of; 353 

due to emanation in atmosphere, 
354 

distribution of, on surface of earth, 
354 

concentration of, on prominences of 
the earth, 354 

of rain and snow, 356 

decay of, on rain and snow, 356 

due to emanation from eartii, 357 

produced by emanation from tap 
water, 360 

effect of meteorological conditions on 
amount of, 364 

amount of, at Niagara Falls, 366 

rate of decay of, dependent on con- 
ditions, 368 
Exner and Haschek 

spectrum of radium, 17 
Eye 

action of radium rays on, 177 

Fehrle 

distribution of excited activity on a 
plate, in electric field, 282 
Fluorescence 

produced in substances by radium 

rays, 18 
produced in substances by radium 
and polonium rays, 166 
Fog 

large amount of excited activity, 
during, 365 
Forch 
loss of weight of radium, 336 

7 rays 

discovery of, 141 

absorption of, by matter, 142 

connection between absorption of, and 
density, 143 

discussion of nature of rays, 143 et seq. 

conservation of radio-activity mea- 
sured by, 311 

measurement of radio-activity by 
means of, 321, 339 
Gases 

evolved by radium, 175 

presence of helium in gases from 
radium, 176, 327 et seq. 
Gates, Miss F. 

effect of temperature on excited ac- 
tivity, 278 

discharge of quinine sulphate, 372 



Geitel 

natural conductivity of air in dosed 
vessels, 351, 373 
Geitel and Elster 

radio-active lead, 25 

effect of magnetic field on conducti- 
vity produced by radiam rays, 95 

scintillations produced by active sub- 
stances, 127 

action of radiam rays on spark, 171 

photo-electric action of bodies co- 
loured by radium rays, 174 

radio-active matter in earth, 345 

discovery of radio-active matter in 
atmosphere, 351 

emanations from the earth, 357 

radio-activity of air in caves, 362 

radio-activity of the soil, 362 

radio-activity of natural carbonic add, 
364 

variation of radio-activity of air, with 
meteorological conditions, 364 etseq. 

effect of temperature and pressure on 
radio-activity in atmosphere, 365 
Giesel 

coloration of bnnsen flame by radium, 
15 

separation of radium by crystallization 
of bromide, 15 

emanating substance, 23 

radio-active lead, 26 

magnetic deviation of S rays, 95 

temperature of radium bromide above 
air, 159 

decrease with time of luminosity of 
radio-active screen, 168 

coloration of bodies by radium rays, 
174 

evolution of gases from radium, 176 

action of radium rays on eye, 177 

emanation from the emanating sab- 
stance, 209 

luminosity produced by radium ema- 
nation, 209 

excited activity from emanating 
substance, 287 

bismuth made active by radio-active 
solution, 289 

activity of radium dependent on sge, 
300 
Glass 

coloration produced in, by radiam 
rays, 174 

phosphorescence produced by emana- 
tion, 210 
Globulin 

action of radium rays on, 175 
Goldstein 

canal strahlen, 92 

coloration of bodies by radiam rays, 174 
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Grier and Butherford 
magnetic deviation of ./3 rays of 

thorium, 96 
relative current due to a and j3 rays, 150 
nature of rays from UrX, 294 

Hardy 

coagulation of globulin by radium 
rays, 175 
Hardy and Mies Willcock 

coloration of iodoform solutions by 
radium rays, 175 
Hardy and Anderson 

action of radium rays on the eye, 177 
Harms 

number of ions per c.c, in closed 
vessel, 376 
Haschek and Ezner 

spectrum of radium, 17 
Heat 

rate of emission of, from radium, 158 
emission of, from radium at low 

temperatures, 159 
rate of emission of, after removal of 

the emanation, 162 
rate of emission of, by the emanation, 

162 
variation with time of heat emission 
of radium, and of its emanation, 162 
connection of heat emission with the 

radio-activity, 161 
source of heat energy, 163 
heating effect of the emanation, 247 
heating effect of emanation X, 278 

et seq, 
proportion of heating effect, due to 

radio-active products, 280 
total heat emission during life of 

radio-elements, 336 
heating of earth by radio-active 
matter, 344 
Heaviside 

apparent mass of moving charged 
body, 109 
Helium 

produced by radium and its emana- 
tion, 327 
amount of, from radium, 331 
origin of, 331 
Helmholtz and Bicharz 

action of ions on steam jet, 44 
Hemptinne 
action of rays on spark, and electrode- 
less discharge, 171 
Henning 
resistance of radium solutions, 171 
effect of voltage on amount of ex- 
cited activity, 281 
Heydweiler 
loss of weight of radium, 886 



Himstedt 

action of radium rays on selenium, 171 
Himstedt and Nagel 

action of radium rays on eye, 177 
Hofmann and Strauss 

radio-active lead, 26 
Hofmann and Zerban 

active substance from pitchblende, 25 
Huggins, Sir W. and Lady 

spectrum of phosphorescent light of 
radium bromide, 169 
Hydrogen 

production of, by radium rays, 176 

Induced radio-activity {see Excited 

radio-activity) 
Induction 
radio-active, 21 

meaning, and examples of, 289 
Insulators 

conduction of, under radium rays, 172 
Iodoform 
coloration produced in, by radium 
rays, 175 
Ionization 
theory of, to explain conductivity of 

gases, 28 et seq, 
by collision, 36, 54 
variation of, with pressure of gas, 58 

et seq. 
variation of, with nature of gas, 62 
comparison of, produced by rays, 93, 

149 
total, produced by 1 gram radium, 154 
production of, in insulators, 172 
natural ionization of gases, 373 et seq. 
Ions 
in explanation of conductivity of gases, 

28 et seq, 
rate of recombination of, 37 et seq, 
mobility of, 39 et seq. 
difference between mobility of positive 

and negative, 42, 43 
condensation of water around, 43 et 

seq, 
difference between positive and nega- 
tive, 46 
charges carried by, 47 
diffusion of, 48 et seq, 
charge on ion same as on hydrogen 

atom, 51 
number of, produced per c.c, 52 
size and nature of, 52 et seq, 
definition of, 52 et seq, 
production of, by collision, 36, 54 
velocity acquired by, between colli- 
sions, 55 
energy required to produce, 55 
comparative number of, produced ir 
gases, 62 
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Ions (cont,) 

distnrbanoe of potential gradient by 

movement of, 63 
number of, produced by a particle, 155 
production of, in insulators, 172 
number produced per c.c, in closed 

vessels, 375 

Joly 
absorption of radium rays by at- 
mosphere, 343 (see foot-note) 

Eauffmann 

variation of elm with velocity of 
electron, 108 et seq, 
Kelvin 
theory of radio-activity, 320 
age of sun and earth, 343, 344 
Kelvin, Smolan and Beattie 

discharging power of uranium rays, 7 
Kunz 
phosphorescence of willemite, and 
kunzite, 168 
Kunzite 
phosphorescence of, under radium 
rays, 168 

Laborde and Curie 
heat emission of radium, 19, 158 
origin of heat from radium, 319 
Langevin 

coefficient of recombination of ions, 38 
velocity of ions, 39 et seq. 
energy required to produce an ion, 55 
secondary radiation produced by X- 
rays, 146 
Larmor 

electrons and matter, 108 
structure of the atom, 126 
radiation from accelerated electrons, 
340 
Lead, radio-active 
preparation of, 26 
radiations from, 26 
Le Bon 

rays from bodies exposed to sunlight, 

5 
discharging power of quinine sulphate, 
9,372 
Lenard 

ionization of gases by ultra-violet 

Ught, 9 
action of ions on a steam jet, 44 
negative charge carried by Lenard 

rays, 102 
absorption of cathode rays propor- 
tional to the density, 113 
Lerch, von 

chemical properties of emanation X, 
275 



Lerch, von (cont.) 
electrolysis of solution of emana 

X, 276 
effect of temperature on excited 
ivity, 278 
Lockyer 

inorganic evolution, 349 
Lodge 

connection of heat emission wit! 

rays, 164 
instability of atoms, 340 
Lorentz 

structure of atoms, 126 
Lowry and Armstrong 
radio-activity and phosphoresce] 
323 
Luminosity 
of radium compounds, 168 
change of, in radium compounds ^ 

tune, 168 
spectrum of phosphorescent light fi 

radium bromide, 169 
of radium compounds unaffected 
temperature, 173 

Magnetic field 
effect of on rays, 92 
deflection of /3 rays by, 95 et seq 
„ „ a rays by, 117 et se 
„ „ **ionsactivant8"by, 
Marckwald 

preparation of radio- tellurium, 2 
Mass 
apparent mass of electron, 107 et 
variation of mass of electron ^ 

speed, 108 et seq. 
of a particle, 122, 125 
Materials 

radio-activity of ordinary, 370, 3 
Matteucci 
rate of dissipation of charge in clc 
vessels, 373 
McClung 
coefficient of recombination of i( 
38 
McClung and Eutherford 

energy required to produce an ion 
variation of current with thicknes 

layer of uranium, 149 
estimate of energy radiated from ra 

elements, 154 
radiation of energy' from radium, 
McLennan 

absorption of cathode rays, 62 
radio-activity of snow, 356 
excited radio-activity at Niagara F 
366 
McLennan and Burton 
penetrating radiation from the ea 
366 



INDEX 



393 



McLennan and Burton (eont.) 

radio-activity of ordinary materials, 
878 

emanation from ordinary matter, 379 
Mercury 

emanation from, 381 
Metabolon 

definition of, 324 

table of metabolons, 326 

radio-elements as metabolons, 332 
Meteorological conditions 

effect of, on radio-activity of atmo- 
sphere, 364 
Methods of measurement 

in radio-activity, 67 et seq. 

comparison of photograpluc and elec- 
trical, 67 et seq. 

description of electrical, 68 et seq, 
Meyer and Schweidler 

magnetic deviation of p rays by elec- 
trical method, 95 

absorption of j8 rays of radium by 
matter, 113 
Mobility 

of ions, 39 et seq. 
Moisture 

effect of, on velocity of ions, 40, 42 

effect of, on emanating power, 214 
Molecule 

number of, in 1 c.o. of hydrogen, 51 

molecular weight of radium emana- 
tion, 232 

molecular weight of thorium Emana- 
tion, 234 
Molecular weight 

of radium emanation, 232 

of thorium emanation, 234 

Kagel and Himstedt 

action of radium rays on eye, 177 
Niewenglowski 

rays from sulphide of calcium, 4 
Number 

of molecules per c.c. of hydrogen, 51 
of ions produced in gas by active 

substances, 52 
of a particles emitted per gram of 

radium, 155 
of ions, produced per c.c. in closed 
vessels, 375 

Occlusion 

of emanation in thorium and radium, 

217 
of radium emanation by solids, 264 
Owens 

saturation current affected by dust, 

39 
effect of air currents on conductivity 
produced by thorium, 197 



Owens (cont,) 
penetrating power of rays independent 

of compound, 132 
absorption of a rays varies directly as 
pressure of gas, 137 
Oxygen 
change into ozone, by radium rays, 174 
production of from radium solutions, 
176 
Ozone 
production of, by radium rays, 174 

Paraffin 

objection to as an insulator, 80 
conductivity of, under radium rays, 

173 
Patterson 
number of ions per c.c. in closed 

vessel, 376 
natural conductivity of air due to an 

easily absorbed radiation, 377 
effect of temperature on natural con- 

ductivity of air, 377 
Pegram 

electrolysis of thorium solutions, 277 
Penetrating power 

comparison of for a, p and y rays, 93 
variation in, of /3 rays, 98 et seq, 
comparison of, for a rays from radio- 
elements, 136 
variation of, with density for /3 rays, 

112 et seq, 
variation of, with density for a rays, 

137 
variation of, with density for y rays, 

143 
Penetrating radiation 

from the earth and atmosphere, 366 
Perrin 

negative charge of cathode rays, 102 
theory of radio-activity, 316 
Phosphorescence 

production of, by radium, 18 
production of, by radium and polon- 
ium rays, 166 
comparison of, produced by a and j3 

rays, 168 
of zinc sulphide, 167 
of barium platino-cyanide, 168 
of willemite and kunzite, 168 
diminution of, with time, 168 
of radium compounds, 168 
spectrum of phosphorescent light of 

radium bromide, 169 
production of by heat (thermo-lumin- 

escence), 170 
produced by radium emanation in 

substances, 210, 227 
use of, to illustrate condensation of 

emanations, 237 
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Phosphoms 

action of nidiiun rays on, 175 

ionization produced by, 371 
Photo-electric action 

produced by radiom rays in certain 
substances, 174 
Photographic 

method, advantages and disadvan- 
tages of, 67 

relative photographic action of rays, 
68 
Physical action of radium rays 

on sparks, 171 

on electrodeless discharge, 171 

on selenium, 171 

on conductivity of insulators, 172 
Physical properties 

of emanation X, 275 
Physiological action of radium rays 

production of bums, 176 

effect on bacteria, 177 

effect on cancer, 177 

effect on eye, 177 
Piezo-^lectrique of quartz 

description of, 87 
Pitchblendes 

comparison of radio-activity of, 11 

radio-elements separated from, 13 et 
seq, 

radium continually produced from, 
334 
Polarization of uranium rays 

absence of, 7 
Polonium 

methods of separation of, 19 

rays from, 20 

decay of activity of, 20 

discussion of nature of, 21 

similarity to radio-tellurium, 22 

magnetic deviation of a rays from, 
121 

increase of absorption with thickness 
of matter traversed, 131 

phosphorescent action of rays from, 
166 

possible origin of polonium and con- 
nection with radium, 290 et seq, 

penetrating rays from, 305 
Potential 

required to produce saturation, 30 
et seq. 

fall of potential, to produce ions each 
collision, 55 

gradient, due to movement of ions, 
63 
Precht and Bunge 

atomic weight of radium, 17 

heating effect of radium, 164 
Pressure 

effect of, on velocity of ions, 43 



Pressure (cant.) 
effect of, on enrrent through gases, 

58 et seq. 
production of emanation, independent 

of, 224 
effect of, on distribution of excited 

activity, 282 
effect of, on natural conductivity of 
air in closed vessels, 376 
Products, radio-active 
radiations from, 304 
division of activity amongst, 306 
list of from radio-elementSy 326 

Quartz piezo-^lectriqne 

use of, in measurement of current, 37 
Quinine sulphate 

discharging power of^ 9, 372 

phosphorescence of, 372 

Badiations 

emitted by uranium, 8 

emitted by thorium, 10 

emitted by radium, 18 

emitted by polonium, 20 

emitted by actinium, 23 

methods of measurement of, 67 etteq, 

methods of comparison of, 90 

three kinds of, 91 

analogy to rays from a Crookes tube, 
92 

relative ionizing and penetrating 
power of, 93 

difficulties of comparative measure- 
ment of, 93 et seq, 

/3 rays, 95 et seq, 

a rays, 115 et seq, 

7 rays, 141 et seq, 

secondary rays, 146 

comparison of ionization of a and ^ 
rays, 149 et seq. 

connection of, with heat emission, 
160 

phosphorescent effect of, 166 

physical actions of, 171 et seq, 

chemical actions of, 174 et seq, 

physiological actions of, 176 

from the emanation, 222 

from Ur X, 293 

non-separable activity of radio-ele- 
ments consists of a rays, 304 

from different active products, 304 

conservation of energy of each specific 
type of, 308 
Badium 

discovery of, 13 

separation of, 13 

spectrum of, 15 

atomic weight of, 17 

radiations from, 18 
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Booge and Bddlander 

erolotion of gas from xadiimi, 176 
Biuwell 

photographic action of sohstaoces, 68 

Saturation enrrent 

meaning of, 30 et seq. 

application of, to meaanrements of 
radio-actiTitj, 69 

meaflnrement of, 82 et $eq, 
Schmidt 

diiicoTery of radio-activity of thoriom, 
10 
Schmidt and Wiedemann 

thermo-lomineMence, 170 
Schuster 

radio-activity of matter, 371 
Schweidler and Meyer 

magnetic deviation of /3 rays hy electric 
method, 95 

absorption of § rays of radium, 113 
Scintillations 

discovery of in zinc sulphide screen, 
127 

connection of, with a rays, 127 

UlustratioD of by spinthariscope, 127 

cause of, 128 

production of, by action of electric 
field, 128 
Searle 

apparent mass of moving charged 
body, 109 
Secondary rays 

examination of, by photographic 
method, 146 

examination of, by electrical method, 
148 
Selenium 

action of radium rays on, 171 
Simon 

value of ejm for cathode rays, 111 
Smolan, Beattie and Kelvin 

discharging power of uranium rays, 7 
Snow 

radio-activity of, 856 

decay of activity of, 356 
Soddy 

comparison of photographic and elec- 
trical action of uranium rays, 68 

nature of rays from UrX, 294 
Soddy and Bamsay 

evolution of gas from radium, 176 

chemical nature of the emanation, 
227 

gaseous nature of the emanation, 227 

volume of the emanation, and change 
with time, 313 

helium from radium emanation, 320 
Soddy and Rutherford 

separation of ThX, 179 



Soddy and Butberford icont.) 
decay of activitj of Th X, 181 
reeoverv of actiyity of thosiom, fireed 

from ThX, 181 
decay of aGtirity of UrX, 188 
recovery of aciiTity of nranimii, freed 

from UrX, 182 
explanation of decay and reeoveiy 

corves, 183 
rate of production of ThX, 186 
theory of decay of activity, 188 
infinenoe of conditions on rate of 

decay and recovery of activity, 190 

et seq. 
disintegration hypotheras, 194, 324 
decay of activity of radium emanation, 

206 
measurements of emanating power, 

213 
effect of temperature, moistnre, and 

solution, on emanating power, 214 
regeneration of emanating power, 215 
constant rate of production of emana- 
tion of radium and thorium, 216 

et seq. 
source of thorium emanation, 220 
radiations from the emanation, 222 
chemical nature of emanation, 226 
condensation of emanations of radium 

and thorium, 236 et seq. 
temperature of condensation of emana- 
tion, 238 et seq. 
effect of successive precipitations on 

activity of thorium, 2d6 ^o. 
recovery of activity of radium, 3' 
conservation of radio-activity. If- 
theory of radio-activity, 318 ': 
theory of radio-active change, '31 
Soil - ^ - 

radio-activity of, 362 
difference in activity of, 362 
Solution 
coloration of, by radium, 15 
of emanation X in acids, 275 * 
electrolysis of active, 276 
Source i 

of the thorium emanation, 220. 
of radium emanation, 222 ' 

Spark :i 

action of radium rays on, 171 . 
Spectrum i 

spark spectrum of radium, 15, Lv 
flame spectrum of radium, 17 '( 
effect of a magnetic field on speoti 

of radium, 17 i< • 

of polonium, 20 i 

of phosphorescent light of radr 

bromide, 169 
of helium in radium gases and ea . j* 

tion, 329 
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Spectrnm (cont.) 

of emanation, 329 
Spinthariscope 

description of, 127 
Springs 

emanation from water of, 360 
Stark 

energy to produce an ion, 55 
Strauss and Hofmann 

radio-active lead, 25 
Sikrutt 

conductivity of gases for radiation, 
61, 62 

negative charge carried by radium 
rays, 104 

absorption of /3 rays proportional to 
density, 113 

nature of a rays, 116 

conductivity of gases produced by 
7 rays, 62, 144 

absorption of radium rays from sun 
by atmosphere, 343 

radio-activity of ordinary matter, 378 

emanation from mercury, 381 
Sun 

effect of radium in, 342 

age of, 343 

Temperature 
of radium above surrounding space, 
xl58 

effect of, on intensity of radiations 
from uranium and radium, 173 
ct of, on luminosity, 173 
3 of decay of radium emanation 
naffected by, 208 
condensation of emanations, 238 
et seq. 
rate of decay of thorium emanation 

unaffected by, 246 
effect of, on excited activity, 277 
effect of, on amount of excited activity 

in atmosphere, 364 et seq, 
effect of, on natural ionization of air,377 
Theories 

"f radio-activity, review of, 316 
discussion of, 320 
r'-sintegration theory, 324 
mo-luminescence, 170 
inson, J. J. 

iation between current and voltage 
:br ionized gases, 31 
afference between ions as condensa- 
tion nuclei, 46 
Lirge on ion, 47 
^leory of electrometers, 85 
)ath of charged particle in uniform 
magnetic field, 96 
parent mass of moving charged 
body, 108 



Thomson, J. J. (cont) 
structure of atom, 126, 347 
theory of radio-activity, 319 
cause of heat emission from radium, 

321 
possible causes of disintegration of 

radium, 342 
nature of electrons, 347 
emanation from tap-water and deep 

wells, 360 
Thomson, J. J., and Butherford 

ionization theory of gases, 28 et seq. 
Thorium 
discovery of radio-activity of, 10 
emanation from, 11 
preparation of non-radio-active tho- 
rium, 25 
nature of radiations from, 90 et seq, 
/3 rays from, 95 et seq, 
a rays from, 115 et seq. 
y rays from, 141 et seq, 
rate of emission of energy by, 154 
separation of ThX from, 179 
recovery of activity of, 181 
disintegration of thorium, 193 
emanation from, 197 
properties of emanation from, 198 et 

seq. 
diffusion of emanation from, 233 
condensation of emanation from, 236 

et seq, 
excited radio-activity from, 250 et seq, 
successive changes in emanation X of, 

272 
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